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Fisheries science conducted and used for management strategies in the Gulf of
Maine (GOM) is conducted at broad spatial and temporal scales. There is a tendency for
fisheries-independent monitoring programs, which play a critical role in fisheries
assessment and management, to miss fine-scale dynamics, especially given the complex
hydrographic structures characterizing the GOM. In New England, fishermen
participating in a heterogeneous groundfish fishery within the GOM may have varied
perceptions of fish abundance or distribution depending on the scale at which they
participate in the fishery. Overlooking fine-scale life-history dynamics coupled with
scale-mismatch in science and management may perpetuate a cycle of mismanagement
and mistrust in the groundfish fishery.
We developed and evaluated a collaborative fisheries-independent survey called
the Eastern Gulf of Maine Sentinel Survey-Fishery (Sentinel Survey). We used demersal
longline gear and jig gear to sample the eastern Gulf of Maine (EGOM), which is an area

characterized by unique hydrographic features and complex benthic structure, and is
sparsely sampled by regional monitoring programs. The survey has two major
objectives: to evaluate fine-scale groundfish dynamics in eastern Maine, and to involve
fishermen directly in the data collection and analysis process. The outcomes of the first
objective will provide important abundance, distribution, and life-history information
for groundfish species in a region not well-covered by existing fisheries-independent
monitoring programs, which is useful for stock assessment. Outcomes of the second
objective help establish a collaborative framework for evaluating fine-scale groundfish
dynamics in the EGOM, align perceptions of scale between fishermen, managers, and
scientists, and to build trust between them.
Catch data from the Sentinel Survey was evaluated to derive abundance indices
and examine distribution for Atlantic Cod (Gadus morhua), Atlantic Halibut
(Hippoglossus hippoglossus), White Hake (Urophysis tenuis), and Cusk (Brosme
brosme). This information provides important insight into spatial and temporal
variability for groundfish dynamics in the region. To evaluate life-history parameters for
these species, we created Weight-Length Relationships (WLRs), then used Fulton's K to
evaluate condition factor. Generalized Additive Models (GAMs) were used to evaluate
spatial, temporal, and environmental effects on life-history parameters and condition.
We then evaluated the Sentinel Survey design using GAMs to identify potential sources
of variability affecting catchability for four key groundfish species. We found depth to be
the most consistent and significant variable affecting catchability. Additionally, we
evaluated and optimized the longline gear used on the Sentinel Survey to alleviate
financial and logistical concerns. Finally, we used the Sentinel Survey as a case study to

describe how a collaborative research program can be used to identify and evaluate
complexity within an ecosystem, align perceptions of scale in science and management,
and reconcile mistrust between scientists, fishermen, and managers.
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Chapter 1
INTRODUCTION
1.1. Study Area
The Gulf of Maine (GOM) is a semi-enclosed sea bordered on two sides by New
England and Atlantic Canada (Pettigrew et al., 2005). To the west and north, the GOM
is further contained by Georges and Browns Banks, which partially isolate it from the
wider Northwest Atlantic. Many studies have been conducted to describe and
characterize the hydrographic structures within the GOM (Hetland & Signell, 2005;
Pettigrew et al., 2005; Townsend et al., 2010). Notably, a hydrographic feature, the Gulf
of Maine Coastal Current (GMCC), extends from Nova Scotia to Cape Cod. The GMCC
consists of two primary branches called the Eastern Maine Coastal Current (EMCC) and
the Western Maine Coastal Current (WMCC). Both currents have distinct properties,
including freshwater flows, nutrient cycling, and vertical mixing (Hetland & Signell,
2005; Pettigrew et al., 2005; Townsend et al., 2010). These differences have been used
by the National Marine Fisheries Service (NMFS) to identify the EMCC as a Distinct
Ecological Production Unit (DEPU), characterized by dynamics that are different from
the rest of the GOM (NOAA 2017, Figure 1.1). Because of this recognition, research to
document and understand the complexity of this environment, including the differing
oceanographic and ecological dynamics and the impact on fish populations, is being
conducted under an ecosystem-based fisheries management (EBFM) context. The
complexity within this discrete hydrological component of the GOM has many
implications for both the fish populations in the region, and for more than 22 fishing
communities directly dependent on marine resources.
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Figure 1.1 Eastern Maine Coastal Current: Diagram depicting the region
encompassed by the designation of the DEPU in eastern Maine, including the EMCC in
light blue (flowing from northeast to southwest along the coast to the western extent of
Penobscot Bay), and other features such as the NOAA Habitat Blueprint Area
(Penobscot Bay) and associated watershed (Stoll, 2017).

1.2. Background of New England Fisheries Management
A central objective of fisheries management is to maximize harvest while
sustaining the targetable biomass of the fishery for future extraction (Cooper, 2006).
Marine resource management often occurs at broad spatial scales, using scientific advice
derived from fisheries-independent monitoring programs that are independent of
commercial fishing activity. These programs are scientifically robust in capturing the
overall dynamics of fish stocks in the survey areas; yet often obscure fine-scale dynamic
processes that underly the form and function of marine systems, including fine-scale
12

fish population dynamics.
These programs are based on the logic that systematic, well-designed monitoring
(even with sparse spatial and temporal coverage) is preferential to fisheries-dependent
monitoring programs because they eliminate possible bias introduced by commercial
fishing fleet dynamics. However, these efforts may miss fine-scale ecosystem
complexity. This has proven problematic, especially given the growing body of evidence
describing such complexity (Ames, 2004; Ames & Lichter, 2013; Hayden et al., 2015),
including evidence for local fish stocks and metapopulations (Hutchings, 1996; Ames,
2004), which is not currently accounted for in federal management strategies and
challenges the modern management paradigm for units of stock (Secor, 2013). The
‘consequence’ of this scale-mismatch – which leads to scenarios of mismanagement- has
been described in numerous settings and multiple fisheries. (Ying et al., 2011; Ouréns et
al., 2015).
Despite the unique characteristics of the EMCC, federal fisheries in the
Northeast (New England) region are managed as part of broader management units.
Under the Fishery Conservation and Management Act of 1976, regional management
bodies and fisheries science centers, were formed to manage and evaluate fisheries
within their respective regions (Dell’Apa et al., 2012). Fisheries-independent surveys
provide the scientific basis for management advice (Cooper, 2006; Dell’Apa et al., 2012).
The Northeast Fisheries Management Council (NEFMC) manages groundfish
under a Multispecies Fisheries Management Plan (FMP) (NEFMC, 2017). This plan
contains management strategies for species such as Atlantic Cod (Gadus morhua),
Atlantic Halibut (Hippoglossus hippoglossus), White Hake (Urophysis tenuis), and
Cusk (Brosme brosme), as well as other commercially important groundfish species.
13

The commercial groundfish fleet in New England consists of many different types
of participants using a multitude of vessel sizes, gear types, and harvesting strategies
(Acheson, 2006). For example, vessel sizes can range from between 40-120 feet, and
target species within the Multispecies FMP using draggers, trawls (with various mesh
sizes per targeted species), gillnets, and even handgear (Acheson, 2006). Larger vessels
may stay out at sea for two weeks or longer, while smaller vessels usually conduct daytrips (Acheson, 2006). The heterogeneous nature of this fishery makes it extremely
difficult to manage. Each management measure proposed by the NEFMC is likely to be
met with strong opposition from another user group, because it disadvantages one or
more user groups (Acheson, 2006). Historically, the group disadvantaged by
management measures have been small-boat fleets in Maine: in 1978, 313 vessels fished
for groundfish in Maine, with half primarily targeting groundfish, but by 2005 fewer
than 50 vessels fished groundfish, with less than half primarily targeting those species
(Acheson, 2006). In particular, eastern Maine has not had a targeted groundfish fishery
in over two decades, and has experienced considerable fleet consolidation. (Allen, 2014;
Thunberg and Correia, 2015). Effects of consolidation for small-scale fishers can lead to
negative economic consequences, and lead to a decrease in community resilience
through less diverse fishing portfolios (Thunberg and Correia, 2015).
Although fisheries-independent survey programs such as bottom trawl surveys
conducted by the NMFS have sampling stations within the EGOM, their spatial and
temporal coverage is limited. Because trawl gear use is severely limited in areas with
complex bottom, trawl survey catchability for some species that reside in complex
benthic habitat (e.g., cusk and halibut) tends to be low (Harms et al., 2010).
Additionally, the sampling density within the EGOM is low compared with other survey
14

programs, such as the ME/NH Inshore Bottom Trawl Survey (Sherman et al., 2012).
Currently, groundfish stock assessment for the Northeast Multispecies FMP and
the development of management strategies usually encompass the whole GOM,
although the majority of fishing effort and catch occurs in the western GOM (WGOM).
Sparse fishery-independent as well as fishery-dependent data in the eastern GOM
(EGOM) and skewed distribution of the groundfish fisheries into the WGOM may
complicate the determination of the status of groundfish stocks in the GOM, potentially
leading to scenarios of local stock overexploitation or inadequate management.
Additionally, unlike the WGOM and Georges Bank, EGOM has not supported a targeted
groundfish fishery since the early 1990s (Murawski, 1990; Ames, 2004; Allen, 2014).
Limited sampling coverage by large-scale monitoring programs coupled with
little targeted commercial fishing effort call for close monitoring of groundfish
populations in the EGOM at a finer scale than currently exists in the region.

1.3. The Eastern Gulf of Maine Sentinel Survey & Fishery
The Eastern Gulf of Maine Sentinel Survey & Fishery (Sentinel Survey) is a
groundfish survey conducted between June-October, spanning from the western edge of
Penobscot Bay to the eastern border with Canada (Figure 1.2). The survey exists as a
‘sentinel’ program, modeled after the Canadian Sentinel Survey programs implemented
in Newfoundland that began operating in the late 1990's (Department of Fisheries and
Oceans, 2001), to document groundfish in the eastern Maine region. The survey
includes a mixture of stations of various nature, including stratified random stations
that are sampled with both demersal longline gear and jigging gear, fishermen’s choice
station which are a subset of the stations allocated for fishermen to select where they
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want to fish based on their knowledge of historic fishing grounds and suitable habitat.
The primary objective of the survey is to provide an annual index of abundance as well
as habitat preference and distribution information for groundfish species (including
Atlantic cod, cusk, white hake and Atlantic halibut) in eastern Maine. This area was
traditionally important for the commercial groundfish fishery, but is not currently well
covered by fisheries-independent monitoring programs.
A secondary, but equally important objective of the survey is to involve
fishermen directly in the scientific monitoring process, at a scale that is immediately
relevant to them and aligns with their perception of the state of the resource targeted.
Fishermen working as part of the Sentinel Survey team collect data with scientists in
areas where they have spent their lives fishing. The team then evaluates these data using
traditional fisheries-data assessment methods (i.e, calculation of abundance indices)
and fishers receive direct feedback of the status of the resource as it pertains to their
local fishing grounds.
The Sentinel Survey is a data collection platform where scientists and fishers
collect data important to groundfish assessments and management in the GOM,
particularly for species that tend to have low catchability in Maine Department of
Marine Resources (DMR) and NMFS bottom trawl survey programs, such as Atlantic
cod Atlantic halibut, and cusk. The data collected aim to produce a better
understanding of the spatial dynamics of groundfish stocks within the GOM and to
support stock assessment for this region. This is particularly important because of the
limited fisheries-independent and fisheries-dependent information on groundfish
stocks in the EGOM. The design of this survey allows for the development of a time
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series of abundance and distribution information and relevant environmental and
biological information.

Currently, the Sentinel Survey is divided into two overall components: the
"survey", and the "fishery". The first, a fisheries-independent survey program, is
comprised of stations randomly selected each year and stratified by depth. These
stations are sampled with longline and jig gear. The second component, the "fishery", is
a "fisherman's choice" component, consisting of vessel captains picking where they want
to deploy gear based on their knowledge of the sampling region, historical landings, and
communication with other fishermen. These stations are considered to be fisheriesdependent information, and contribute to the scarce collection of commercial landings
data in the EGOM region. Fishermen's choice stations are also sampled with longline
and jig gear.
Given the spatial and temporal coverage of this monitoring program, the specific
biological outcomes derived from the Sentinel Survey for groundfish species are helpful
for informing groundfish research and policy at multiple scales in the GOM.
Additionally, the collaborative framework developed for the Sentinel Survey is useful in
many regions.

1.4. Collaborative research
Over the last decade, the number of collaborative fisheries research programs in
the Northeastern United States has grown substantially, largely due to recognized
benefits obtained through increased interactions between fishermen, scientists, and
managers (Feeney et al., 2010). Direct and indirect benefits, include acquisition of larger
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quantities of data at finer spatial resolutions than fisheries-independent surveys alone;
cost-effectiveness from industry-based surveys increased transparency in the formal
assessment process; knowledge sharing between groups involved; and industry buy-in
and engagement into the scientific process (Conway and Pomeroy, 2006; Johnson &
Van Densen, 2007; Culver et al., 2010).
Most documented successes of collaborative research programs stem from
industry-based surveys, gear workshops, and fishery-dependent data collection. These
programs have focused on alleviating mistrust between managers, scientists, and
industry by increasing transparency in the assessment process (Feeney et al., 2010).
This is a crucial outcome of these programs and is instrumental to successful
management. However, an equally important and often overlooked benefit off
cooperative research is the ability to design programs that can alleviate scale
mismatches that stem from differences in stakeholder perception of the targeted
resource, or complexities within an ecosystem. Regardless of success in facilitating
interactions between stakeholder groups, the documented outputs of collaborative
research in New England still generally result in top-down management approaches at a
broad spatial scale, perpetuating the inability to account for complex ecosystem
interactions, and leading to continued scale-mismatch between management strategies
and the fisheries they impact. Creating collaborative monitoring platforms like the
Sentinel Survey can be a cost-effective way of aggregating information from diverse
stakeholder groups at multiple spatial and temporal scales.
Lessons learned from the Sentinel Survey provide important insights on
stakeholder perceptions of resource complexity and scale, and how those perceptions
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influence interactions between group at multiple scales. Overall, collaborative research
programs can be powerful tools with which to address ecosystem complexity, scale
mismatch scenarios, and to increase trust between fishermen, scientists, and managers.
This thesis contains five chapters describing the Sentinel Survey as a
collaborative tool to evaluate fine-scale groundfish dynamics in eastern Maine. This
introductory chapter provides background information about the complex hydrographic
structure in the GOM, fisheries management, the New England groundfish fishery, the
Sentinel Survey, and the importance of collaborative research.
The second chapter is a description of a major survey objective, which is to
evaluate abundance and distribution of Atlantic cod, Atlantic halibut, white hake, and
cusk. I describe the sampling methods and design of the Sentinel Survey. Catch, spatial
distribution of four study species, and abundance indices derived from catch data are
shown. This information is useful for stock assessment, and captures trends in
groundfish abundance and distribution at a finer spatial scale than regional monitoring
programs.
The third chapter of the thesis focuses on evaluating life-history parameters and
condition for Atlantic cod, Atlantic halibut, and white hake. I use data from the Sentinel
Survey to evaluate spatial effects on the condition of three study species. I also evaluate
the effect of environmental variables on fish condition. Understanding these effects
provides important insights about the fitness of fish populations in eastern Maine.
The primary objective of chapter four is to evaluate the Sentinel Survey design,
identify potential sources of variability, and to optimize the longline sampling gear. The
information obtained from the Sentinel Survey is strengthened by a robust design.
External factors such as environmental or oceanographic conditions can influence catch
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and bias abundance indices. Therefore, I evaluate the influence of environmental
variables on catch. Another objective of this chapter is to optimize the longline sampling
gear to alleviate logistical constraints for sampling, and sampling costs. I examined
temporal variation in relative abundance at various hook-levels. I also examined the
spatial variability of catch within the longline gear. This analysis resulted in shortening
our longline set for the 2017 sampling season to 200 hooks, and alleviated both financial
and logistical costs.
The final chapter focuses on the use of collaborative research as a tool for
evaluating complexity within an ecosystem, addressing scale-mismatch, and reconciling
mistrust between fishers, managers, and scientists. I use examples from the Sentinel
Survey as a case study to show that collaborative research is a way to aggregate local
knowledge, align perceptions of scale, and promote transparency, innovation, and trust
between diverse stakeholder groups at multiple scales. The lessons learned from the
Sentinel Survey have important implications for science and management at multiple
scales of research and governance.
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Chapter 2
EVALUATING ABUNDANCE AND DISTRIBUTION OF GROUNDFISH IN
EASTERN MAINE
2.1. Introduction
There is virtually no directed fishing effort for groundfish species in the EGOM,
although lobstermen have reported catching groundfish as bycatch in their traps
(verified by the Maine DMR) sea sampling program; Kathleen Reardon and Carl Wilson,
Maine DMR, West Boothbay Harbor, ME, personal communications). Although
fisheries-independent survey programs such as bottom trawl surveys by the Maine DMR
and NMFS have sampling stations within the EGOM, their spatial and temporal
coverage is limited. Because trawl gear use is severely limited in areas with complex
bottom, trawl survey catchability for some species that reside in complex benthic habitat
(e.g., cusk and halibut) tends to be low (Harms et al., 2010). Currently, groundfish stock
assessment and the development of management strategies usually encompass the
whole GOM, although the majority of fishing effort and catch occurs in the western
GOM (Figure 2.1).
Sparse fishery-independent as well as fishery-dependent data in the EGOM and
skewed distribution of the groundfish fisheries into the WGOM (Figure 2.1) may
complicate the determination of the status of groundfish stocks in the GOM, potentially
leading to scenarios of local stock overexploitation or inadequate management (Ames &
Lichter, 2013; Secor, 2013). The low stock abundance and little fishing activity call for
close monitoring of groundfish populations in the EGOM.
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Figure 2.1. Northeast Fisheries Science Center Annual Bottom Trawl Survey
Atlantic Cod Catches: Spatial distribution of Gulf of Maine Atlantic cod catches
(numbers/tow) from the Northeast Fisheries Science Center spring and fall bottom
trawl survey from 1968-2016 in approximate fifteen-year increments. The Western Gulf
of Maine and Cashes Ledge closure areas are indicated by gray shaded polygons.

The Sentinel Survey consists of stratified random stations that are sampled with
both demersal longline gear and jigging gear. A portion of the stations is also allocated
for fishermen to select where they want to fish based on their knowledge of historic
fishing grounds and suitable habitat. The primary objective of the survey is to provide
an annual index of abundance as well as habitat preference information for groundfish
species in an area that was traditionally important for the commercial groundfish
fishery but is not currently well covered by either commercial fisheries or other bottomtrawl –based monitoring programs. The longline sentinel survey/fishery in the EGOM
collects data important to groundfish stock assessments and management in the GOM
generally, in particular for species that tend to have low catchability in Maine DMR and
NMFS bottom trawl survey programs, such as Atlantic cod, Atlantic halibut, white hake,
and cusk. The data collected should produce a better understanding of the spatial
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dynamics of groundfish stocks within the GOM and can support stock assessment for
the region.
The use of longline gear in the survey improves sampling effort in an area with
rocky and complex bottom on which trawl gear is less efficient, and increases sampling
efficiency for species that prefer complex ocean bottom (e.g., cusk and halibut) (Harms
et al., 2010). Additionally, jig gear has also been found to be a highly effective gear
strategy for monitoring groundfish in regions with very rocky and complex bottom
habitat structure (Harms et al., 2010), and in areas where there is a high density of fixed
gear due to the Maine lobster fishery.
In this chapter, catch data from the first seven seasons of the Sentinel Survey
were examined. Abundance indices were derived from survey data, and distribution
information for species are shown. This analysis helps us evaluate fine-scale spatial and
temporal dynamics of groundfish in a region not well covered by other more spatially
broad monitoring programs: a primary objective of the Sentinel Survey.

2.2. Background on pilot seasons
2010 and 2011 are considered the pilot seasons for the Sentinel Survey. In 2010,
one boat sampled 30 stations and in 2011, two boats sampled 60 stations (30 per boat).
All stations in 2010 and 2011 are considered fishermen’s choice stations because fishing
locations were determined by the boat captains based on focus group meetings with
other fishermen and sentinel fishery participants that identified historical fishing
grounds. Stations were fished using a 2-nautical mile demersal longline with 2,000
hooks baited with a combination of squid and herring.
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All data from these two pilot years were used to inform the fisheries-independent,
or stratified random component of the survey design. Further survey design analysis
and optimization will be described in Chapter Four. Each year, results and design have
been evaluated by fishermen and scientists to ensure that the design of this survey
program continues to be robust.

2.2.1. Data Limitations
Much like other traditional survey monitoring programs, catch data from the
sentinel survey contains a high frequency of zero observations. This is particularly true
for cod and cusk abundance. Modeling such data with many zero catches is complex
because there are more zeros in the response variable than expected if a Poisson or
negative binomial distribution is assumed. Ignoring the excessive number of zeros can
create bias in parameter estimates and standard errors (Shono, 2008; Zuur et al., 2011).
Additionally, due to the changes in design and oversight, data collection has
varied over the first four years of the survey. According to reports written about early
survey years, during the pilot years (2010-2011) observed sediment type was not
collected. For these years, USGS data (Poppe et al., 2005) were used to determine
sediment type (Henry and Chen, 2013). However, the distance between the sample sites
of these data is much greater than that of the sentinel survey. In a recent comparison
between the USGS data and observed data in the survey, the investigators found that the
USGS sediment data were not at all reliable on the scale relevant to this survey program
(Henry and Chen, 2103). Thus, they decided to use sediment data observed during the
survey that is only available in the 2012-2016 surveys, and was collected by observers at
each sampling station. Bottom temperature was not recorded or only partially recorded
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for 2010-2013 Additionally, the number of stations sampled varies at times each year.
These limitations will be minimized in the future as the survey design and protocol are
now standardized. For example, sampling for 2014-2016 included reliable bottom
temperature and sediment data observations. As the survey progresses, there will be
enough reliable bottom temperature data to do adequate analysis.

2.3. Methods
All longline stations were fished using a 2-nautical mile demersal longline with
2,000 hooks baited with a combination of squid and herring. This longline was set and
left to soak for two hours. At times, the soak duration varied slightly from two hours
based on the tide and weather. All trips were observed by NOAA fisheries observers or
trained research assistants.
In 2012, the jig component was added to the survey design. The incorporation of
a jig component is important because it allows sampling in areas with the most complex
bottom habitat types, and with the most fixed-gear congestion due to the lobster fishery.
Five drops were completed at each station. Drop sites were selected based on assumed
cod habitat. Drops lasted a maximum of five minutes, starting at the time the jig hit
bottom, with the anglers having the option of reeling in early to avoid losing fish that
were already hooked. Once the anglers reeled up and a fish was hooked, they were not
permitted to re-drop. There were two anglers per boat, each fishing a rod and reel with
three hooks for a total of 6 hooks and up to 10 minutes fishing time per drop for both
anglers. Not only were stations allocated that were sampled with only jig gear, but both
random longline and fishermen's choice longline stations were also sampled using jig
gear and the methods described above.
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All longline stations were fished between the months of June-October for years
2010-2015. Each set of 2,000 hooks was divided into ten tubs with 200 #12 mustad,
semi-circle, easy-baiter hooks. Each hook was attached to a groundline every fathom,
with a 15-inch gangion. This longline was set and left to soak for two hours. The jig
component at each longline station was conducted during the longline soak. At times,
the soak duration varied slightly from two hours based on the tide and weather. All
sampling trips were covered by a trained observer. Data collected includes the individual
length and weight of each fish caught, latitude, longitude, bottom sediment type, seasurface temperature, bottom temperature, weather, tide, moon phase, and sea
condition. Data were collected from measurements at each individual sampling station
per year, using temperature sensors, depth loggers, and GPS. Observed sediment class
was broken into three descriptive groups from on-board observations from a depth
sounder: hard, mix, and soft, based on more specific grain size classifications from
USGS data (Poppe et al., 2005).
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Figure 2.2. Sentinel Survey Sampling Stations: Sampling stations for the Eastern
Gulf of Maine Sentinel Survey Fishery between 2010-2016, including pilot years (clear
circle), stratified random longline stations (opaque circle), and jig stations (clear
diamond). The survey area is shown in the blue circle, nested within the NEFSC trawl
survey map (bottom right).
2.3.1. Design-Based Approach
Even though model-based approaches can be useful to standardize abundance
indices, there are many assumptions that must be fulfilled in order to benefit from their
use (ICES, 2004). Comparisons of model-based approaches often show limited
improvement over simpler methods of abundance estimates (ICES, 2004). For the
longline catch, all models demonstrate quantitatively that depth is consistently the most
significant variable in determining abundance. The influence of depth is accounted for
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in the survey design, so a stratified mean abundance and variance can be used for an
abundance index that still includes this important variable. For the jigging data, no
environmental variables were found to significantly affect abundance so mean and
variance can be used for the abundance index. Mean abundance and variance were
calculated for both the longline and jig data using the delta approach (Pennington,
1983) using the fishmethods package (Nelson, 2013) in R.
The indices of relative abundance were derived for Atlantic cod, Atlantic halibut,
cusk, and white hake from catch information at all stratified random stations (longline
and jig) from 2012-2015. This method can be used to evaluate relative abundance for
any species caught during the survey sampling season.
2.3.2. Model-based Approach
Catch data from the Sentinel Survey pilot years in 2010 and 2011, and the
fishermen’s choice stations in 2012-2015 are considered fisheries dependent data
because fishing locations were chosen by fishermen. Fisheries catch per unit of effort
(CPUE) data can be used in the stock assessment process to augment fisheries
independent survey abundance index data. For example, many consider it crucial for
stock assessment because it can be used to tune models, and has large effects on
estimated results of stock status in several cases (Shono, 2008). One major issue when
using fisheries CPUE data in stock assessment is that the assumption that catch rates
are proportionally related to stock abundance may be violated (Hilborn & Walters,
1992), because catch rates are often influenced by other variables that are not related to
stock abundance such as fishermen’s skill and knowledge. To use fisheries CPUE data
as an index of abundance, the effect of these other variables, other than stock
abundance, that impact catch rates must be removed through the standardization
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process (Maunder and Punt, 2004). The most common method used for CPUE
standardization is generalized linear models (Maunder and Punt, 2004,).
Additionally, as mentioned in the data limitations section, catch data are typically
characterized by high frequencies of "zero" observations; i.e, where there was no
recorded catch. In order to avoid violating assumptions from a heavy influence of zero
observations, we used zero-inflated models with a negative binomial distribution for
modeling this catch data. This model has two components: count and binomial (Zuur et
al., 2011). The binomial process models the probability of a "false zero", or, "no fish
were detected but the surrounding conditions were such that they were suitable for a
fish to be caught", and also the probability of a"true zero", or "no fish were detected
because the conditions are such that they will never occur" (Henry and Chen, 2013).
Models were generated for each species using data from all fishermen’s choice stations.
Year is included as a categorical variable in the count part of the model (even when not
statistically significant) in order to account for annual temporal variation. Standardized
CPUE is calculated as the year coefficient of the count portion of the model. Models
were selected using Akaike Information Criterion (AIC). According to protocol
established by the original survey program managers, models were fit using explanatory
variables parsed out using the AIC (Henry and Chen, 2013). Therefore, models were
evaluated and then explanatory variables that were not statistically significant were
systematically dropped, until the model with the most significant parameters was
produced. Initial models were fit for each dataset that included all the explanatory
variables which may influence the fish distribution and abundance (year, depth, sea
surface temperature, sediment type, longitude and latitude).
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Other protocols include steps taken when species with lower catch rates influence
the binomial portion of the model. For example, parameters in the binomial portion of
the model may not be significant at p<0.10 for species with lower catch rates (cod, cusk)
due to lack of reference. In these instances, parameters were selected for the binomial
model that produced the most significant count model (Henry and Chen, 2013). These
methods were used and re-evaluated each year with input of new survey data per year.
We evaluated catch and distribution information for 2010-2016. The type of
analysis chosen depended on whether the data was from fisheries-independent, or
fisheries-dependent station types. From 2010-2015, catch from fishermen's choice
longline stations (fisheries-dependent) was evaluated, and a model-based abundance
index was derived. For 2012-2016, random-stratified jig and longline stations was
evaluated (fisheries-independent), and a design-based abundance index was derived.
Catch and distribution was evaluated for 2012-2016 and compared across all station
types.
We focus our analyses on four species: Atlantic Cod (Gadus morhua), cusk
(Brosme brosme), White Hake (Urophysis tenuis) and Atlantic Halibut (Hippoglossus
hippoglossus), because of their former commercial importance and historical relevance
to eastern Maine. All models were built and evaluated using the fishmethods package
(Nelson, 2017) and the pscl package (Jackman, 2017) in R.
2.4. Results
2.4.1. Survey catch
In 2016, the overall allocation of sampling effort consisted of jig-only stations.
This was different from previous years; between 2010-2011 the survey sampling was
conducted using longline gear only, and between 2012-2015 the sampling was
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conducted using both longline and jig gear. However, in 2016 there was a financial
constraint that allowed sampling with one gear type only, and in a limited capacity.
Therefore, though stations were randomly allocated and stratified by depth just
as in previous years, sampling was conducted with jig gear only, and in Strata 0-2 as
opposed to Strata 0-3. Because jig gear was the only gear type used to sample survey
stations in 2016, the survey became primarily one targeting Atlantic cod, pollock, and
mackerel as opposed to a more diverse portfolio of groundfish species. This is because
there is low catchability of other species on jig gear. However, jig gear is highly efficient
for monitoring cod, especially in areas with high gear congestion and rocky and complex
bottom habitat structure.
There were 62 total randomly selected jig stations sampled in 2016, spanning
depths in Strata 0-2. These stations are labeled based on the depths they encompass; all
stations in Stratum 0 are called "JJ Stratum 0", and all stations in Strata 1-2 are called
"JJO". All random jigging stations together are simply called "JJ". In Stratum 0 (050m), there were 36 stations sampled, which made up 50.7% of the total jigging
sampling effort (Table 2.1). There were 9 stations in Stratum 1 (50-80m), which
comprised 12.7% of the total sampling effort (Table 2.1). Stratum 2 (80-150m) contained
17 stations, which made up 23.9% of the total sampling effort for 2016 (Table 2.1).
In addition to the randomly selected jigging stations, there was also a
"fishermen's choice" component included in the overall sampling effort. These stations
were selected by fishermen anywhere in the survey area. Therefore, these stations were
not part of the stratified random, or "fisheries-independent" design, but were instead
considered to be "fisheries-dependent". These stations were also sampled with jigging
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gear, and spanned depth ranges between 0-150 m. The stations considered to be
fishermen's choice are labeled as "JF". There were 9 JF stations in 2016, comprising
12.7% of the total sampling effort (Table 2.1).
Atlantic cod made up 14% of the total catch in 2016. Mackerel (Scomber
scombrus) and pollock (Pollachius pollachius) comprised the two other largest
proportions of catch, at 23% and 46%. Other species caught included Acadian redfish
(Sebastes fasciatus), whiting (Merlangius merlangus), and Atlantic herring (Clupea
harengus).
Stations

Cod

no.

%

Jigging at jigging only
station(JJ)
Stratum 0 (0-50)

62

87.3

36

Stratum1 (50-80)

9

Stratum2 (80-150)
Jigging at fisherman's
choice(JF)
All (cod/other species)

no.

%

50.7

13

36.1

12.7

6

66.7

17

23.9

2

11.8

9

12.7

6

66.7

71

Table 2.1. 2012 Station Allocation and Catch Proportion: Breakdown of station
allocations and number of stations where Atlantic cod were caught in the 2016 jig
survey.
In 2015, the overall allocation of sampling effort was divided into longline and jig
components that were stratified by depth. Within these two gear types, random longline
stations (LL) and fishermen's choice longline stations (LF) comprised the longline
portion, while jigging at jigging only stations (JJ) comprised the jig portion. Due to gear
and weather-related logistical constraints, the number of random stratified and
fishermen's choice longline stations were decreased compared to 2014. While there were
32

30 LL stations picked to sample in 2015, just 24 of these stations were sampled by
longline gear. The stations were stratified by three separate depths (50-80m, 80-150m,
and 150m+). Additionally, though 16 LF stations were planned in 2015, only 9 of these
stations were sampled. There were 47 JJ stations sampled in 2015 (Figure 1). The JJ
stations were also stratified by depth, and consisted of 35 JJ at stratum 0 (0-50m)
stations and 12 JJ at strata 1-3 (50-80m, 80-150m, and 150m+). Each LL and LF station
also had a jigging component (JL and JF, respectively) included to continue
modifications made in 2013 as per suggestion by the NEFSC. Due to gear constraints,
only 29 out of the 30 random longline stations (LL) were able to be sampled with jig
gear (JL), meaning there were 29 jigging at random longline stations (JL). Furthermore,
because only 9 fishermen's choice longline stations were sampled, there were 9 jigging
at fishermen's choice (JF) stations sampled. The JL stations were stratified by depth like
the random longline stations; all falling into strata 1-3. Including a jigging component at
each random longline (LL) and fishermen's choice (LF) station allowed for an additional
38 stations were sampled with jigging gear at LF and LL stations, creating a total of 85
stations sampled by jig gear. Atlantic cod were the only targeted groundfish species for
the JJ, JL and JF, though other species including pollock and mackerel were also
caught. There is no LL station in Stratum 0 (0-50 m) because of a large number of fixed
gear in summer in the Maine coastal waters.
In 2015 Atlantic cod were caught by longline at 8.3% of stratified random stations
(LL); by longline at 33.3% of fishermen's choice stations (LF); by jig at 31.9% of random
jig stations (JJ); by jig at 6.9% of random longline stations (JL); and by jig at 44.4% of
fishermen's choice stations (Table 2.2). Cusk were caught by longline at 12.5% of
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stratified random stations (LL) and by longline at 22.2% of fishermen's choice stations
(LF) (Table 2.2). White hake were caught by longline at 62.5% of random stratified
stations (LL) and 55.5% of fishermen's choice stations (LF) (Table 1). Atlantic halibut
were caught by longline at 33.3% of random stratified longline stations (LL) and 22.2%
of fishermen's choice stations (LF) (Table 2.2). Finally, spiny dogfish were caught by
longline at 45.8% of stratified random stations (LL) and 55.5% of fishermen's choice
stations (LF) (Table 2.2).
Stations where species present
Station Type

Stations

Cod

Halibut

%

no.

%

no.

%

no.

%

no.

%

no.

%

24

20.1

2

8.3

3

12.5

15

62.5

8

33.3

11

45.8

Stratum1 (50-80)

4

3.4

0

0

0

0

0

0.0

3

12.5

1

4.2

Stratum2 (80-150)

10

8.4

1

10.0

2

20.0

5

50.0

5

50.0

3

30.0

Stratum3 (150+)

10

8.4

1

10.0

1

10.0

10

100.0

0

0.00

7

70.0

2

22.2

5

55.5

2

22.2

5

55.5

5

15.2

20

60.6

10

30.3

16

48.5

Random longline (LL)

Cusk

Dogfish

White Hake

no.

Fishermen's Choice (LF)

9

7.6

3

33.3

Jigging at jigging only station(JJ)

47

39.5

15

31.9

Stratum 0 (0-50)

35

29.4

14

41.2

Stratum1 (50-80)

5

4.2

1

20.0

Stratum2 (80-150)

3

2.5

0

0

Stratum3 (150+)

4

3.4

0

0

30

25.2

2

6.9

Jigging at random longline (JL)
Jigging at fisherman's choice(JF)
All (cod/other species)

9

7.6

4

44.4

119/33

100.0

26

22.2

Table 2.2. 2015 Station Allocation and Catch Proportion: Breakdown of station
allocations and number of stations where groundfish species of interest were caught in
the 2015 survey.
In 2014, there were 30 random longline stations, with nine stations in Stratum 1,
ten stations in Stratum 2, and eleven stations in Stratum 3; all random longline stations
made up 22.1% of the total sampling effort that year (Table2.3). Fishermen's Choice
longline stations made up 11.5% of the total sampling effort in 2014 (Table2.3).
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Furthermore, Jigging at Jigging Only stations comprised 33.8% of the total sampling
effort, with almost 26% effort in Stratum 0, and 2.9% effort in Stratums1-3 (Table2.3).
In 2014 Atlantic cod were caught by longline at 16.7% of stratified random
stations (LL); by longline at 31.2% of fishermen’s choice stations (LF); by jig at 29.8% of
random jig stations (JJ); by jig at 10.0% of random longline stations (JL); and by jig at
25.0% of fishermen’s choice stations (JF) (Table 2.3). Cusk were caught at 6.7% random
longline (LL) survey stations, and at 31.2% of fishermen's choice longline (LF) stations
(Table 2.3 ). White hake were caught at 63.3% of random longline (LL) survey stations
and at 43.8% of fishermen's choice (LF) stations (Table 2.3). Halibut were caught at
56.7% of random longline (LL) survey stations and 37.5% of fishermen's choice (LF)
stations (Table 2.3). Dogfish were caught at 43.3% of random longline (LL) survey
stations and 37.5% of fishermen's choice (LF) stations (Table 2.3).

Stations where species present
Station Type

Random longline (LL)

Cusk

Cod

Stations

White Hake

Halibut

Dogfish

no.

%

no.

%

no.

%

no.

%

no.

%

no.

%

30

22.1

5

16.7

2

6.7

19

63.3

17

56.7

13

43.3

Stratum1 (50-80)

9

6.5

0

0.0

0

0.0

0

0.0

4

44.0

0

0.0

Stratum2 (80-150)

10

7.2

2

20.0

1

10.0

7

70.0

10

100.0

3

30.0

Stratum3 (150+)

11

7.9

3

27.2

1

9.0

10

90.9

1

9.09

10

90.9

Fishermen's Choice (LF)

16

11.5

5

31.2

5

31.20

7

43.8

6

37.5

6

37.5

Jigging at jigging only station(JJ)

47

33.8

14

29.8

Stratum 0 (0-50)

36

25.9

14

38.9

Stratum1 (50-80)

4

2.9

0

0

Stratum2 (80-150)

4

2.9

0

0

Stratum3 (150+)

3

2.2

0

0

Jigging at random longline (JL)

30

21.6

3

10.0

Jigging at fisherman's choice(JF)

16

11.5

4

25.0

139/44

100.0

31

22.3

7

5.03

26

18.7

23

16.5

19

41.3

All (cod/other species)
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Table 2.3. 2014 Station Allocation and Catch Proportion: Breakdown of station

allocations and number of stations where groundfish species of interest were caught in
the 2014 survey
In 2013 Atlantic cod were caught by longline at 6.7% of stratified random stations
(LL); by longline at 14.3% of fishermen’s choice stations (LF); by jig at 19% of random
jig stations (JJ); by jig at 6.7% of random longline stations (JL); and by jig at 0% of
fishermen’s choice stations (JF) (Table 2.4). Cusk were only caught at 6.7% longline
survey stations, while white hake, halibut, and dogfish were caught at 56.7%, 36.7% and
73.3% longline stations, respectively (Table 2.4).
Stations where species present
Station Type

Stations
no.

Random longline (LL)

Cod
%

no.

Cusk
%

no.

White Hake
%

no.

%

Halibut

Dogfish

no.

%

no.

%

30

22.1

2

6.7

2

6.7

17

56.7

11

36.7

22

73.3

Stratum1 (50-80)

5

3.7

0

0.0

0

0.0

0

0.0

4

80.0

2

40.0

Stratum2 (80-150)

12

8.8

0

0.0

2

16.7

4

33.3

5

41.7

7

58.3

Stratum3 (150+)

13

9.6

2

15.4

0

0.0

13

100.0

2

15.4

13

100.0

Fishermen's Choice (LF)

14

10.3

2

14.3

4

28.6

6

42.9

2

14.3

6

42.9

Jigging at jigging only station(JJ)

6

13.6

23

52.3

13

29.5

28

63.6

48

35.3

9

19

Stratum 0 (0-50)

36

26.5

8

22

Stratum1 (50-80)

4

2.9

0

0

Stratum2 (80-150)

4

2.9

1

25

Stratum3 (150+)

4

2.9

0

0

Jigging at random longline (JL)

30

22.1

2

6.7

Jigging at fisherman's choice(JF)

14

10.3

0

0

136/44

100.0

15

11.0

All (cod/other species)

Table 2.4. 2013 Station Allocation and Catch Proportion:

Breakdown of station allocations and number of stations where groundfish species of
interest were caught in the 2013 survey
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In 2012 Atlantic cod were caught by longline at 7% of stratified random stations
(LL) and by longline at 31% of fishermen’s choice stations (LF); Cusk were caught at
28% of longline survey stations (LL) but no fisherman's choice stations (LF) (Table 2.5).
White hake, and halibut were caught at 72%, and 52% of longline stations (LL),
respectively, and at 50% and 69% of fishermen's choice stations (LF), respectively
(Table 2.5).

Table 2.5. 2012 Station Allocation and Catch Proportion: Breakdown of station
allocations and number of stations where groundfish species of interest were caught in
the 2012 survey
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Total Catch at Longline Stations 2012-2015
Log-transformed catch (in number of fish)

8
7
6
White Hake

5

Cusk

4

Halibut

3

Cod

2
1
0
2012

2013

Year

2014

2015

Figure 2.3. Total Catch at Longline Stations: Log-transformed total catch (in
number of fish) at all random longline stations for years 2012-2015.

Log-transformed catch (in number of fish)

9
8

Total Catch at Fishermen's Choice Longline Stations
2010-2015

7
6
5

Cusk

4

White Hake

3

Halibut
Cod

2
1
0
2010

2011

2012

2013

2014

2015

Year

Figure 2.4. Total Catch at Fishermen's Choice Stations: Log-transformed total
catch (in number of fish) at all fisherman's choice longline stations for years 2012-2015.
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Log-transformed catch (in number of fish)

Total Catch of Atlantic Cod at Jig Stations
2012-2016
2.5
2
1.5
Cod Offshore

1

Cod Inshore

0.5
0
2012

2013

2014

2015

2016

Year

Figure 2.5. Total Catch at Jig Stations: Log-transformed total catch (in number of
fish) at all jig stations, inshore and offshore, for years 2012-2016.

Proportion of Positive Catch at
Longline Stations 2012-2015
Proportion of Positive Catches

0.8
0.7
0.6
0.5

Atlantic cod

0.4

Atlantic halibut

0.3

white hake

0.2

cusk

0.1
0

2012

2013

2014

2015

Year

Figure 2.6. Proportion of Positive Catch at Longline Stations: Proportion of
random longline stations where catch was present between 2012-2015. n=30 per year.
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Proportion of Positive Catch for Atlantic
Cod at Jig Stations 2012-2016
Proportion of Positive Catches

0.9
0.8
0.7
0.6
0.5
0.4

Inshore Jig

0.3

Offshore Jig

0.2
0.1
0

2012

2013

2014

2015

2016

Year

Figure 2.7. Proportion of Positive Catch at Jig Stations: Proportion of inshore
and offshore jig stations where Atlantic cod were present between 2012-2015. Inshore
jig stations, n=36 per year. Offshore jig stations, n=12 per year.
2.4.2. Zero-inflated Model Results
We used generalized linear models with a negative-binomial distribution (as
described in section 2.3.2) to evaluate the effect of certain explanatory variables such as
depth, sediment type, sea surface temperature, and used the same protocol described in
the general methods to parse out which variables could be left in the model.
2.4.2.1. Atlantic Cod Nominal Catch-Per-Unit-Effort
On average from 2010 to 2015, cod were caught at 18.6% of fishermen’s choice
stations (Table 2.6). Frequency of cod abundance per station from 2010 to 2015 is
shown in Figure 2. Depth was not significant in the count or zero inflated portion of the
model. This implies that depth had no impact on the presence or absence of cod, and no
impact on abundance once cod were present (Table 2.7). However, this needs to be
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interpreted with caution because of limited depth ranges covered by fishermen’s choice
stations.
Total Stations

Cod Presence

Year(s)

no.

no.

%

2010

30

3

10

2011

60

9

15

2012

16

5

31

2013

14

2

14

2014

16

5

31

2015

9

3

33

2010-2015

145

27

19

Table 2.6. Atlantic Cod Catch at Fishermen's Choice Stations:

4
0
4

2014

1
abundance

2

abundance

2015

2
0

0

4
0

0

1

6

abundance

0

4

2

number of

1

4

8

12

2013

0

8

abundance

2012
8

number of

40

number of

20

1

number of

0

number of

2011

0

10 20

2010

0

number of

Number and percent of stations where cod were caught at fishermen's choice stations each year.

0

1

4

5

13

0

abundance

1

3

6

abundance

Figure 2.8. Atlantic Cod Abundance Frequency: Abundance frequency of cod
caught at fisherman's choice stations 2012-2015.
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Count model (negbin with log link)
Covariate

Coefficient

SE

z-value

Pr(>|z|)

(Intercept)

63.85

52.09

1.23

0.23

2011

0.55

0.78

0.71

0.48

2012

1.64

0.91

1.81

0.07

2013

0.10

1.15

0.08

0.93

2014

2.71

0.84

3.22

0.00

2015

0.73

1.25

0.58

0.56

Longitude

0.98

0.75

1.30

0.19

depth

0.01

0.01

2.68

0.01

Zero-inflation model binomial with logit link)
Covariate

Coefficient

SE

z-value

Pr(>|z|)

(Intercept)

0.10

0.49

0.20

0.84

Table 2.7. Atlantic Cod ZINB Standardized CPUE Model Results: Zero-inflated
negative binomial model results for environmental variable effect on Atlantic cod caught
by longline at Fishermen's Choice stations.
2.4.2.2. Cusk Nominal Catch-per-Unit-Effort
From 2010 to 2015, cusk were caught at 21% of fishermen’s choice stations (Table
2.8). Frequency of cusk abundance per station is shown in Figure 2.9. Depth was not
significant in the count portion of the model, meaning depth had no impact on
abundance of cusk (Table 2.9). This needs to be interpreted with caution because of
limited depth ranges covered by fishermen’s choice stations. Latitude and longitude
were both significant in the count model, indicating a spatial effect on cusk abundance.
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Total Stations Cusk Presence
Year(s)
no.
no.
%
30
5
17
2010
60
13
22
2011
16
0
0
2012
14
4
29
2013
16
6
38
2014
9
2
22
2015
145
30
21
2010-2015
Table 2.8. Cusk Catch at Fishermen's Choice Stations: Number and percent of

2012

17

abundance

2015
6

2014

0

4

abundance

number of

0 1 2 3 4

0

1

3

abundance

0

0

0

2

4

8

2013

0

5

10

number of

40

number of

0
17

8

4

abundance

number of

1

4

0

number of

2011

20

10

20

2010

0

number of

stations where cusk were caught at fishermen's choice stations each year.

0

1

2

26

0

abundance

1
abundance

Figure 2.9. Cusk Abundance Frequency: Abundance frequency of cusk caught at
fishermen's choice stations 2012-2015.
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Count model (negbin with log link)
Covariate

Coefficient

SE

Intercept
Latitude
Longitude
depth

1.28
-1.76
1.68
-0.01

0.96
0.80
0.01
0.01

zvalue
1.34
-2.02
1.96
-1.30

Pr(>|z|)
0.18
0.03
0.05
0.20

Zero-inflation model (binomial with logit link)
Covariate

Coefficient

SE

Intercept
2011
2012
2013
2014
2015

-0.45
-1.24
15.96
-9.67
-12.76
1.20

1.25
2.17
1.2e03
3.5e02
5.4e02
1.51

zvalue
-0.36
-0.57
0.01
-0.03
-0.24
0.79

Pr(>|z|)
0.72
0.57
0.99
0.98
0.98
0.43

Table 2.9. Cusk ZINB standardized CPUE model results: Zero-inflated negative
binomial model results for environmental variable effect on cusk caught by longline at
Fishermen's Choice stations.
2.4.2.3. White Hake Nominal Catch-per-Unit-Effort
On average white hake were caught in 44.1% of fishermen’s choice stations from
2010 to 2015 (Table 2.10). Frequency of white hake abundance per station is shown in
Figure 2.9. Depth had a positive impact on white hake presence in the count model with
an increase in presence at deeper stations, and a negative impact on abundance in the
zero-inflated portion of the model. (Table 2.11).
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Year(s)
2010
2011
2012
2013
2014
2015
2010-2015

Total Stations White Hake Presence
no.
no.
%
30
60
16
14
16
9
145

9
31
8
6
7
5
64

30
52
50
43
44
56
44

Table 2.10. White Hake Catch at Fishermen's Choice Stations: Number and
percent of stations where white hake were caught at fishermen's choice stations each
year.

Figure 2.10. White Hake Abundance Frequency: Abundance frequency of white
hake caught at fishermen's choice stations.
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Count model (negbin with log link)
Covariate

Coefficient

SE

z-value

Pr(>|z|)

(Intercept)

-1.86

0.88

-2.11

0.03

2011

1.23

0.51

2.44

0.015

2012

1.13

0.64

1.78

0.075

2013

1.59

0.67

2.36

0.001

2014

1.40

0.61

2.30

0.022

2015

-1.78

1.05

-1.69

0.091

depth

0.02

0.004

5.37

0.000

latitude

-0.41

0.24

--1.68

0.094

longitude

0.36

0.34

1.05

0.300

Zero-inflation model (binomial with logit link)
Covariate

Coefficient

SE

z-value

Pr(>|z|)

(Intercept)

3.24

0.85

3.81

0.000

depth

-0.03

0.006

-4.58

0.000

Table 2.11. White Hake ZINB standardized CPUE model results. Zero-inflated
negative binomial model results for environmental variable effect on white hake caught
by longline at Fishermen's Choice stations.
2.4.2.4. Atlantic Halibut Nominal Catch-per-Unit-Effort
On average, halibut were caught at 44.1% of fishermen’s choice stations from
2010 to 2015 (Table 2.12). Frequency of halibut abundance per station is shown in
Figure 2.11. Depth was significant in the zero-inflation portion of the model, implying
that depth impacted halibut abundance if they were present. The results should be
interpreted with caution because of the limited depths sampled by fishermen at these
stations. (Table 2.13).
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Total Stations Halibut Presence
Year(s)

no.

no.

%

2010

30

12

40

2011

60

31

52

2012

16

11

69

2013

14

2

14

2014

16

6

38

2015

9

2

22

2010-2015

145

64

44

Table 2.12. Atlantic Halibut Catch at Fishermen's Choice Stations. Number
and percent of stations where halibut were caught at fishermen's choice stations each
year.

Figure 2.11. Atlantic Halibut Abundance Frequency: Abundance frequency of
halibut caught at fishermen's choice stations.

47

Count model (negbin with log link)
Covariate

Coefficient

SE

z-value

Pr(>|z|)

(Intercept)

0.48

0.72

0.67

0.51

2011

-0.27

0.39

-0.69

0.49

2012

-0.32

0.46

-0.70

0.48

2013

-2.20

0.65

-3.37

0.00

2014

-0.55

0.51

-1.08

0.28

2015

-0.09

0.01

1.09

0.28

Depth

0.01

0.01

1.50

0.13

latitude

0.70

0.38

1.84

0.07

longitude

-0.31

0.31

-1.00

0.32

Zero-inflation model (binomial with logit link)
Covariate

Coefficient

SE

z-value

Pr(>|z|)

(Intercept)

-8.70

2.82

-3.09

0.00

Depth

0.06

0.02

3.43

0.00

Table 2.13. Halibut ZINB standardized CPUE model results: Zero-inflated
negative binomial model results for environmental variable effect on Atlantic halibut
caught by longline at Fishermen's Choice stations.
2.4.3. Model-Based Abundance Index
We incorporated the variables selected in the generalized linear and zero-inflated
models selected for each species into a standardized abundance index model.
Standardized CPUE for cod shows an increasing trend from 2010 to 2012, a decrease in
2013 followed by a large increase in 2014, then a sharp decrease in 2015. Standardized
CPUE of cusk shows an approximately similar trend between 2010-2015. Standardized
CPUE of white hake shows an increase from 2010 to 2014, but decrease in 2015.
Standardized CPUE of halibut showed a similarity from 2010 to 2012, then an increase
between 2013-2015 (Figure 2.12).
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Figure 2.12. Standardized Catch-Per-Unit-Effort: Standardized CPUEs for
Atlantic cod, cusk, white hake, and Atlantic halibut species derived from Fishermen’s
Choice stations from 2010 to 2015.
2.4.4. Design-based Abundance Index
The influence of depth is accounted for in the survey design; therefore, a
stratified relative abundance and variance can be used for an abundance index. Relative
abundance and variance were calculated for both the longline and jig data collected from
the stratified random stations. The stratified random survey was conducted between
2012 -2015, so we have four years of survey abundance indices for longline and jigging.
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The estimates of abundance and CV of species for 2012-2015 were included in Table
2.14.
The stratified random, or fisheries-independent component of the survey was
conducted between 2012 and 2016. Thus, there are five years of survey abundance
indices for jigging. Longline stations were sampled between 2012-2015, so there are four
years in the abundance index time series for species caught at these stations.
Relative abundance of cod at all random jig stations (JJ) decreased from 2013 to
2014, but increased from 2014-2016 (Table 2.14). The CV for cod at JJ stations
decreased by a large amount from 2013 to 2014, but increased from 2014 to 2016 (Table
2.14).
The random jigging stations were then divided into inshore and offshore
components for analysis. The JJ stations at stratum 0 sites were referred to as inshore
stations, while JJ stations in strata 1-3 were referred to as offshore stations (JJO). First,
the JJO stations were analyzed independently of jigging at longline (JL) stations. Then
JJO and jigging at random longline stations (JL) were combined because they both
encapsulated strata 1-3, and combining the two station types increased sample size of
Atlantic cod.
Relative abundance of cod in stratum 0 decreased from 2012-2013, then sharply
increased from 2013-2014 (Table 2.14). In 2015, the relative abundance of Atlantic cod
increased slightly from 2014 (Table 2.14). Finally, the relative abundance of cod
decreased again in 2016. While the CV was large in 2012, it decreased dramatically
between 2013-2016 (Table 2.14).
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For the offshore jigging-only stations (JJO), relative abundance of cod decreased
from 2013 to 2014 (Table 2.14). However, there was a continuous increase in the mean
abundance of cod at JJO stations between 2014-2016, coupled with increasing CVs
(Table 2.14). A similar trend was shown, with a decrease from 2013-2014 followed by an
increase through 2016 (Table 2.14). CVs decreased in all years after increasing the
sample size of cod at offshore jig stations.
Finally, all random jigging stations for strata 0-3 were combined and assessed
(JJ+JJO+JL). Relative abundance of cod for all random jigging stations decreased from
2013 to 2014; the CV also decreased (Table 2.14). In 2015 and 2016, mean abundance
increased with a slightly increased CV (Table 2.14).
Analysis for longline stations between 2012-2015 was conducted for cod, cusk,
white hake, and halibut. Relative abundance and CV were calculated per year for each
species. Relative abundance for cod at random longline stations increased between 2012
and 2013, then decreased from 2013-2015 (Table 2.14). The CVs associated with the
relative abundance of cod were large, increasing between 2012 and 2013, decreasing in
2014, then drastically increasing in 2015 (Table 2.14). Relative abundance for cusk at
random longline stations decreased between 2012-2014, then increased in 2015 (Table
2.14). There were large CVs associated with relative abundance of cusk, increasing in
2014 drastically then decreasing in 2015 (Table 2.14). The relative abundance of white
hake decreased between 2012-2015, with decreasing CVs between 2012-2015 (Table
2.14). The relative abundance of halibut at random longline stations decreased between
2012-2013, increased between 2013-2014, then decreased in 2015 (Table 2.14). The CVs

51

associated with relative abundance of halibut at random longline stations also decreased
between 2012-2013, increased between 2013-2014, then decreased in 2015 (Table 2.14).
Year/Station Type

2012 LL
2013 LL
2014 LL
2015 LL
2013 JJ
2014 JJ
2015 JJ
2016 JJ
2012 JJ Stratum 0
2013 JJ Stratum 0
2014 JJ Stratum 0
2015 JJ Stratum 0
2016 JJ Stratum 0
2013 JJO
2014 JJO
2015 JJO
2016 JJO
2013 JJO+JL
2014 JJO+JL
2015 JJO+JL
2016 JJO+JL

Species
Cod
mean
0.15
0.35
0.21
0.12
0.23
0.19
0.28
0.45
0.50
0.42
0.64
0.65
0.44
0.11
0.00
0.21
0.48
0.19
0.05
0.13
0.43

CV
2.89
0.78
0.24
0.71

Cusk
mean
CV
0.56
0.19
0.07
0.19
0.04
0.96
0.20
0.26

White Hake
mean
CV
27.52
0.12
32.28
0.11
16.01
0.09
8.77
0.03

Halibut
mean
CV
3.90
0.095
1.05
0.090
2.30
0.097
1.2
0.11

0.06
0.31
0.27
0.15
0.27
0.51
0.06
0.03
0.03
0.56
0.00
0.49
0.24
0.28
0.47
0.16
0.09

Table 2.14. Design-Based Abundance Index: Delta mean and coefficient of
variation (CV) for design-based survey abundance index of longline and jig for the four
groundfish species.
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Figure 2.13. Relative Abundance Plots: Relative abundance trends for Atlantic
cod, Atlantic halibut, white hake, and cusk between 2012-2016, with standard error.
Relative abundance of Atlantic cod shown by year, by station type.

2.5. Discussion
In this chapter, raw catch data collected from a fine-scale hook survey in Eastern
Maine was evaluated to derive design-based and model-based abundance indices. The
proportion of stations where species were caught across depth strata and station type
were useful in examining spatial and temporal trends in species distribution. Trends
between jigging and longline stations were different, indicating spatial variation of
species distribution within the sampling framework. Differences in gear selectivity could
also contribute to the differences in trend. Additionally, temporal variation was evident
between the model and design-based abundance indices for all species in certain years.
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Cod abundance showed differing trends when compared between jig and longline
gear, especially between inshore and offshore stations (Figure 2.13). The proportion of
stations where cod were present at inshore jig stations generally increased each year,
with a general increase in relative abundance and a decreasing CV (Table 2.14). To
contrast, cod captured at longline stations offshore were caught at consistently lower
proportion of stations (Figure 2.6), with a decreasing trend in relative abundance (Table
2.14, Figure 2.13). This indicates that the spatial and temporal distribution of Atlantic
cod differs between inshore and offshore regions between June-October. The selectivity
of jig gear versus longline gear could also play an important role on cod catch, and
should be evaluated further. When inshore jig and offshore jig abundance indices were
compared, they showed differing trends in relative abundance (Table 2.14, Figure 2.13).
The proportion of offshore jig stations where cod were present increased through 2016,
while proportion of catch at inshore jig stations stayed approximately constant (Figure
2.7). This indicates that, with gear held constant, there are differing spatial and
temporal trends in distribution of Atlantic cod in this region.
The distribution of white hake largely fell in the deepest two depth strata (5080m, 150+m). The proportion of white hake present at longline stations fluctuated
between 2012-2015, coupled with an overall decrease in relative abundance (Figure 2.6,
Table 2.14). The proportion of longline stations with Atlantic halibut catch fluctuated
between years, with a similarly fluctuating relative abundance trend (Figure 2.6, Table
2.14). Halibut were typically only found in depth strata 1 and strata 2 (50-80m and 80150m). Relative abundance of cusk at longline stations dropped sharply, and remained
consistently low between 2012-2015 (Table 2.14). This was coupled with a low
proportion of longline stations where cusk was present between 2012-2015 (Figure 2.6).
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The relative abundance trends derived from the design-based abundance index
and the model-based abundance index differed slightly for all species. This may be
indicative of variability within the survey design that may not have been captured by the
CPUE standardization process. Spatial variability due to limited spatial coverage by
fishermen within the survey are may have a strong influence on catchability (Campbell,
2004). It is crucial to continue evaluating potential sources of bias affecting catchability
within the survey design to inform standardization processes.
Traditional stock assessments require a large amount of data to gain outputs that
can provide scientific advice to fisheries managers. Catch information from fisheriesindependent surveys, as well as commercial landings information can be incorporated
into many types of models for this purpose (Kilduff et al., 2009). Additionally, outputs
from these models are used to provide advice to fisheries managers about what policies
to enact with regards to the fishing stock for a given area. Because these management
strategies influence the entire Gulf of Maine, it is crucial that scientific monitoring
programs capture the dynamics of fishes within the region.
To compare trends from multiple survey indices, we plotted z-scores calculated
from relative abundance index values from the Spring/Fall Maine/New Hampshire
Inshore Trawl Survey conducted by the DMR, the Spring/Fall Annual Bottom Trawl
Survey conducted by NMFS, and the Sentinel Survey Longline and Inshore Jig index.
These surveys are conducted at different spatial scales, with some spatial overlap. The
NMFS survey occurs at the broadest scale, with limited sampling inshore. The
Maine/New Hampshire survey is a coastal survey, with some offshore overlap with the
federal survey. The EGOM Sentinel Survey is nested within the state and federal
surveys, and has spatial overlap with both in eastern Maine. By calculating z-scores for
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each of these survey indices, we were able to directly compare abundance indices from
different survey programs to evaluate temporal differences in trend. Z-score derivation
allowed us to convert the abundance indices to a common scale. The scale is defined to
have an average of zero, with deviations from zero indicating values greater or less than
the average values for that survey abundance index.
We found temporal differences between the z-scores derived from these three
survey programs (Figure 2.14). This indicates differing spatial and temporal dynamics
between inshore and offshore regions, as well as differing dynamics for Atlantic cod at
multiple scales, emphasizing a need to incorporate multiple spatial scales into the
assessment process. This is also corroborated in studies of fisheries-dependent data that
show the importance of accounting for spatial variability in models used to standardize
commercial landings data (Campbell, 2004).
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Z-ScoreTrends for Atlantic Cod From
Multiple Survey Indices
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Figure 2.14. Z-Score Comparison Between Surveys: Z-score values calculated
from relative abundance index trends for Atlantic cod between 2012-2016 from the
Maine/New Hampshire Inshore Bottom Trawl Survey (DMR Spring/Fall), the NMFS
Annual Bottom Trawl Survey (NMFS Spring/NMFS Fall), and the EGOM Sentinel
Survey/Fishery Longline and Jig (Sentinel LL, Sentinel Inshore Jig).
Mismanagement of stocks can occur when variability in population structure is
ignored in a stock assessment (Ying et al., 2011). The scale at which fisheries data is
collected in the Gulf of Maine may be too large to capture fine-scale variability in fish
populations. Management advice can be influenced by science conducted at scales that
do not account for this variability (Chen et al., 2011).
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The EGOM has very limited sampling coverage by large scale fisheriesindependent monitoring programs such as the annual Spring and Fall bottom trawl
survey. Inshore, coastal environments are also not well sampled due to logistical
difficulties such as fixed gear conflict and complex, untrawlable bottom structure.
Supplemental surveys such as the Maine/New-Hampshire Inshore Bottom Trawl Survey
improve this coverage, but still have limited catchability for commercially important
species. This catchability issue is well documented for trawl gear, especially for species
such as Atlantic halibut and cusk as well as issues that arise with an index of abundance
when areas are considered untrawlable (Russell & Richard, 2002; Zimmermann, 2003).
As more evidence arises that suggests populations of groundfish have complex stock
structures, it becomes increasingly important to collect data at multiple scales and at
different spatial resolutions that can be best used to inform management (Ames, 2004;
Daw et al., 2011; Kritzer & Liu, 2014).

2.6. Conclusion
The Sentinel Survey provides data in an extremely data-limited region, using a
gear type that is specially adapted to the complex benthic structure in the region. The
survey is collaborative. Fishermen participating in this survey process are the key to
increasing transparency between this type of scientific survey, and the potential for its
management implications. Additionally, the ability to collect both fisheries-dependent
and fisheries-independent data from one research program alleviates the data
limitations stemming from the lack of a targeted groundfish fishery in the region.
Abundance indices derived for groundfish species in this region can be used to tune
assessment models and provide data at a scale which has failed to be accounted for in
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past assessments. Fine-scale data collected on groundfish species in this region can
provide important information on the differing spatial and temporal dynamics that may
occur that may be missed through broad-scale data collection methods such as current
state and federal monitoring programs.
Additionally, perceptions from fishermen, managers, and scientists about what is
actually happening with a groundfish population may differ depending on the scale at
which they acquire information; fishermen, for example, collect day-to-day data on a
very fine scale that may be inappropriately matched with a survey program spanning an
entire region (Daw et al., 2011). Management strategies for fisheries in the Gulf of Maine
are based around scientific information collected at broad spatial scales that may not
align with local perceptions of the abundance and distribution of groundfish
populations. Evaluation of stock dynamics at a finer scale can lead to increased
understanding of the complexity of groundfish stocks in the region and better inform
management.
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Chapter 3
ASSESSMENT OF LIFE-HISTORY PARAMETERS AND CONDITION FOR
GROUNDFISH SPECIES ACROSS SPATIAL AND ENVIRONMENTAL
VARIABLES

3.1. Introduction
Evaluating the length-weight relationships and condition of marine fishes is
believed to help indicate the general fitness of a population. (Bolger & Connolly, 1989;
Blackwell et al., 2000; Froese, 2006). Parameters indicative of growth, and measures of
condition, are important indicators for reproductive potential, food availability, and
even indicate responses to environmental or density-dependent stressors. When
evaluated at large spatial and temporal scales, however, variables influencing lifehistory parameters or condition factors can be overlooked, potentially influencing
outcomes of stock assessment and management.
The groundfish fishery in the GOM was formerly one of the most economically
and culturally important fisheries in the world, but has experienced plummeting
landings in the last half-century (Kurlansky, 1997; Murawski, 2010; Pershing et al.,
2013). Commercial landings for species such as Atlantic cod, Atlantic halibut, and white
hake have been greatly reduced from historic levels ( Murawski, 1990) . Currently,
several groundfish stocks managed under the NMFS Multipsecies FMP are overfished
with overfishing occurring (NMFS, 2015).
Heavy fishing pressure can create shifts in the size-structure or trophic ecology of
fishes (Olsen et al., 2005; Smith et al., 2007). However, the resulting impacts of heavy
exploitation on life-history parameters and condition in a commercial fishery are not
well known at a fine spatial scale. Groundfish stock assessment and the development of
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management strategies depend on evaluation of life-history dynamics for targeted
species, including size and growth, condition, and dietary analysis. Evaluation of these
parameters usually encompass the whole GOM, although the majority of fishing effort
and catch occurs in the WGOM. The broad spatial scales at which data is collected to
inform managers on the status of groundfish within the Gulf of Maine may not take finescale dynamics and ecosystem complexity into account. Sparse fishery-independent as
well as fishery-dependent data in the EGOM and skewed distribution of the groundfish
fisheries into the WGOM may complicate the determination of the status and fitness of
the proportion of groundfish populations targeted by fishing exploitation in the GOM,
potentially leading to scenarios of local stock overexploitation or
mismanagement(Secor, 2013; Ying et al., 2011), as seen in the GOM (Ames & Lichter,
2013).
There is a growing body of evidence suggesting that the life-history dynamics for
fish populations can differ at multiple scales (Knutsen et al., 2003; Ames, 2004;
Conover et al., 2006; Ames & Lichter, 2013). For example, in the GOM, Ames (2004)
documented historic spawning grounds and evidence of metapopulations based off of
interviews with fishermen, commercial landings data, and survey data. Local trophic
ecology has been documented for both Atlantic cod and white hake (Ames & Lichter,
2013). It is important to evaluate biological characteristics of groundfish species at
multiple scales to examine variability in life-history parameters and condition for
commercially important species (Pardoe et al., 2008; Keller et al., 2012; Siegle et al.,
2014; Al Nahdi et al., 2016). While important studies of fish growth and condition in
the Northwest Atlantic have been conducted (Langton & Bowman, 1980; Smith et al.,
2007; Link et al., 2009), these studies generally derive life-history parameters and
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metrics of condition from trawl surveys, which have been conducted at broad spatial
and temporal scales.
The objectives for this study were largely driven by fishermen participating in the
Sentinel Survey, who observed that some fish they caught looked healthier than others
in different locations within the Sentinel Survey sampling area. Other fishermen
observed that the fish we caught looked to be in poor condition, especially compared
with memories of previous years. We used data collected from the Sentinel Survey to
evaluate growth and condition factor for Atlantic cod, Atlantic halibut, and white hake
across spatial, temporal, and environmental variables.

3.2. Methods
3.2.1. Methods for analysis
We evaluated Weight-Length Relationships (WLRs), growth parameters, and
condition factor for Atlantic cod, Atlantic halibut, and white hake. The length and
weight of each individual fish caught at sampling stations was collected for all survey
years. Total length and individual weight was recorded at sea for each fish caught. We
developed Generalized Additive Models (GAMs) to evaluate the effect of spatial,
temporal, and environmental variables on fish condition for these species. Data
collected from both fisheries-independent and fisheries-dependent components of the
Sentinel Survey was evaluated. Data from the random longline component of the
Sentinel Survey was used for analysis of Atlantic halibut and white hake. To increase
sample size of Atlantic cod, we included Atlantic cod with both gear types (jigging and
longline), and incorporated Fishermen's Choice catch.

62

3.2.2. Weight Length Relationships (WLR) and b- parameter
WLRs can provide important information to fisheries managers about the
growth and dynamics of fish populations. (Blackwell et al., 2000; Froese, 2006). The
relationship between length and weight of a fish species is not linear. This is because
length can be considered a linear measure, but weight is coupled with the volume of a
species; therefore, when a fish grows in length it is adding both weight and volume
(Ovegård et al., 2012; Ogle & College, 2013; Miller et al., 2015).
Instead of a linear model, length weight data must be fit using a two-parameter
power function with multiplicative error (Blackwell et al., 2000; Ogle & College, 2013;
Al Nahdi et al., 2016).

Where W is weight of the ith fish, a and b are constants, and the error term Ei is
multiplicative. In order to transform this relationship into a linear model, we took the
natural log of both sides of the equation, which creates an additive error structure.

We evaluated the fit of the relationship between length and weight using
Pearson's correlation. We also evaluated the slope (b). The measure of the slope, or b
parameter, provides important insight into the type of growth a fish is exhibiting.
There are two types of growth a fish can exhibit: allometric and isometric.
Isometric growth occurs when a fish grows without any change to shape or density. This
form of growth is very rare(Froese, 2006). In contrast, allometric growth occurs when a
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fish changes shape or density as it grows. The slope of the log-transformed lengthweight relationship, or b, can be extracted and evaluated to determine which type of
growth a fish exhibits. If b≠3, the fish is considered to exhibit allometric growth;
additionally, if b>3 the fish grows in volume as it grows in length. (Froese, 2006).
We used a t-test to test whether the fish caught exhibit isometric growth or not,
using hoCoef and the FSA package developed by Ogle (R version 8.12 , 2013). Using this
function, we tested whether our linear model parameter β is equal to a specific value. In
this case, we used this function to test whether the slope parameter b or, β was
statistically different from 3. Or:
Ho:β=3 (Isometric growth)
HA:β≠3 (Allometric growth)
We also evaluated the other regression coefficient, a, and estimated 95%
confidence intervals for both regression coefficients. Additionally, we evaluated the
correlation coefficients for each model.
All WLRs were developed using the fishR vignette, and using the FSA package in
R version 3.0.2 (Ogle & College, 2013).
3.2.3. Calculation of condition factor
We chose to evaluate condition factor using Fulton's condition factor, or Fulton's
K:
𝑊𝑊

K=M𝐿𝐿3
Where K is the condition of a given fish, W is the measured wet weight of an
individual fish in kilograms, and L is the measured Total Length (TL) of an individual
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fish in centimeters. Additionally, a constant (M) is multiplied against the weight and
cubed length to bring the value of K to near unity(Mazumder et al., 2016).
Fulton's K assumes isometric growth (b=3), and so fails to account for allometric
growth (Blackwell et al., 2000; Froese, 2006; Ogle & College, 2013). Most fish exhibit
allometric, rather than isometric growth (Froese, 2006). However, this assumption can
be disregarded if calculation of species' condition is done for those in a similar length
class (Ovegård et al., 2012). Additionally, we used Fulton's K for this study because it
can be easily associated with environmental or spatial variables (Lambert & Dutil, 1997).
3.2.4. Generalized Additive Models (GAMs)
We used GAMs to evaluate the effect of spatial, temporal, and environmental
variables on fish condition. GAM is an extension of a generalized linear model (GLM)
that is non-linear (Zuur et al., 2011). This type of model is useful because it introduces
smoothing factors, and provides more flexibility toward model fit than a GLM (Tanaka
& Chen, 2016). Additionally, GAMs can provide better interpretability of results than a
GLM.
We used a Tweedie distribution for all GAMs. Tweedie distributions are
characterized by a power parameter p, with p=1 having Poisson distribution, and p=2
having Gamma distribution (Shono, 2008; Peel et al., 2013). Most fisheries-data
distributions fall somewhere between Poisson and Gamma; in this study we use 1<p<2
so that a Poisson-Gamma compound distribution is used (Shono, 2008; Peel et al.,
2013; Tanaka & Chen, 2016). We set smoothing parameters at 5 for univariate
predictors , and 30 for bivariate predictors ( Wood, 2008; Tanaka and Chen, 2016).
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All models were built using environmental variables that were selected through
literature review and expert advice, including advice from fishermen working on the
Sentinel Survey. Condition was set as the response variable; explanatory variables
included year, gear type, and observed sediment type as categorical variables. Depth,
sea-surface temperature, bottom-temperature, and an interaction term for latitude and
longitude were continuous. Model diagnostic plots and R2 values were evaluated to
determine model fit and performance. Akaike's Information Criteria (AIC) was used to
parse important environmental variables using a stepwise process, and only removing
least-significant variables that also resulted in lowered AIC values.
All GAMs were built and fit using the mgcv package in R Version 1.8-1.6 (Wood,
2017).
3.3. Results
We show results of evaluation of life-history parameters for Atlantic cod, Atlantic
halibut, and white hake. Size frequency information, followed by the evaluation of the bparameter and allometry tests, followed by the evaluation of condition factor across
spatial, temporal, and environmental variables using GAMs are shown for each species.
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3.3.1. Atlantic cod
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Figure 3.1. Atlantic Cod Size Frequency: Size frequencies of Atlantic cod at all
longline, jigging, and fishermen's choice stations between 2012-2016.
Between 2012 and 2016, Atlantic cod ranging from 10-80 cm were caught (Figure
3.1). Cod between 20-60cm were caught most often. The year-by-year length frequency
plots reveal that smaller cod were captured in 2012, with larger cod caught between
2014-2016. No cod caught in the region measured longer than 80cm.
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Figure 3.2. Atlantic Cod Size Frequency by Year: Yearly size frequencies of
Atlantic cod at all longline, jigging, and fishermen's choice stations between 2012-2016.
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Figure 3.3. Atlantic Cod Log-Transformed Length-Weight Relationship:
Linear regression of the natural log transformed total length and weight of Atlantic cod
captured in EGOM between years 2012-2016.
The model exhibits a tight fit to the transformed data (R2=0.90), with slight
variability (Figure 3.3). The equation of the best-fit line is log(W)=-9.77+2.60*log(L) on
the transformed scale. We used our b parameter derived from the log-transformed
linear model to perform a hypothesis test for allometry. The p-value was significant
(p<0.05), meaning we reject the null hypothesis Ho:β=3 (Table 3.1) . The results indicate
that Atlantic cod in the EGOM are exhibiting allometric growth with an exponent
parameter b between 2.46 and 2.72with 95% confidence (Table 3.1). The GAM model
was selected using AIC and deviance explained, and model fit was good (Figure 3.4) with
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27.3% of deviance explained (Table 3.2) Significant variables were depth, the year 2016,
and station type (Table 3.2).
Length Range,
Species

N

a

median
(95% CI)

Atlantic cod

-9.77
166

(18-80), 42.2

Atlantic halibut
119

(-12.7811.71)

White hake
(Urophysis
tenuis)

-9.81
811

(25-115), 55

(-10.01-9.56)

0.90

7.59e-9

0.92

5.8e-4

0.82

1.20e-42

(2.47-2.72)

-12.24

(40-140), 80

value

(95% CI)

2.60

(-10.25-9.29)

(Hippoglossus
hippoglossus)

p-

R2

size(cm)

(Gadus morhua)

b

3.22
-

(3.09-3.34)

2.55
(2.49-2.61)

Table 3.1. Summary of Weight-Length Relationships: Weight-length relationships for

Atlantic cod, Atlantic halibut, and white hake, including length ranges, regression
coefficients (a, b) with, 95% confidence intervals (CI's), and correlation coefficient (R2
values) for the linear regression of log-transformed weight-length data. (N=sample
size).
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GAM model with Tweedie Distribution
Covariate

Estimate

SE

t-value

Pr(>|t|)

(Intercept)

-2.344

0.116

-20.283

<2e-16

2013

-0.093

0.090

-1.038

0.301

2014

-0.067

0.067

-0.998

0.320

2015

-0.027

0.078

-0.350

0.727

2016

0.394

0.117

3.378

9.2e-4

Jig

0.609

0.183

3.332

0.001

Longline

0.066

0.085

0.776

0.440

Approximate Significance of Smooth Terms
s(latitude, longitude)

3.158

3.960

0.251

0.898

s(depth)

2.390

2.856

3.003

0.035

1.00

1.00

0.065

0.799

s(sst)

Table 3.2. Atlantic Cod Condition GAM Results: Generalized Additive Model
results for evaluating Atlantic cod condition from 2012-2016. R-sq.(adj) = 0.164
Deviance explained = 27.3%
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Figure 3.4. Generalized Additive Model Residual Plots for Atlantic Cod
Condition: Generalized Additive Model residuals for evaluation of Atlantic cod
condition across spatial, temporal, and environmental variables
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Figure 3.5. Partial Variable Plots for Atlantic Cod Condition Model: Partial
variable plots depicting Atlantic cod condition (Fulton’s K) across sea-surface
temperature (in degrees C), depth (m), year, and station type (jig, JJ; fishermen's
choice, FC; random longline, LL) with all other variables held constant. Blue lines
indicate the expected value, gray shading indicates the confidence interval for the
expected value, and partial residuals are indicated by dark gray dots.
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3.3.2. Atlantic halibut
Between 2016 and 2016, Atlantic halibut ranging between 40-140cm were caught
at random longline stations (Figure 3.6). Examination of yearly size frequencies reveals
that larger halibut were caught more frequently in 2014 and 2015 (Figure 3.7).
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Figure 3.6. Size Frequency of Atlantic Halibut: Size frequencies of Atlantic
halibut at random longline stations between 2012-2015
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Figure 3.7. Atlantic Halibut Size Frequencies by Year: Yearly size frequencies of
Atlantic halibut at random longline stations from 2012-2015.
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Figure 3.8. Atlantic Halibut Log-Transformed Length-Weight Relationship:
Natural log transformed total length and weight of Atlantic halibut from the EGOM for
years 2012-2015 at random longline stations, with best-fit line superimposed.
The linear model exhibits a tight fit to the transformed data (R2=0.9242), with
slight variability. The equation of the best-fit line is log(W)=-12.24+3.22*log(L) on the
transformed scale (Table 3.1). We used our b parameter derived from the logtransformed linear model to perform a hypothesis test for allometry. The p-value was
significant (p<0.05), meaning we reject the null hypothesis Ho:β=3 (Table 3.1).
Therefore, these results indicate Atlantic halibut caught in the EGOM are exhibiting
allometric growth with a b-parameter between 3.09-3.34 at 95% confidence (Table 3.1).
The model fit was determined to be adequate based on residual plots (Figure 3.9).
The deviance explained by the model was 45.8%(Table 3.3). Condition was
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significantly higher in 2013 (Table 3.3). Latitude and longitude also had a significant
effect on halibut condition (Table3.3).
GAM model with Tweedie Distribution
Covariate

Estimate

SE

t-value

Pr(>|t|)

(Intercept)

-4.479

0.064

-69.831

<2e-16

West region

-0.050

0.083

-0.601

0.549

2013

0.381

0.101

3.783

2.67e-4

2014

0.132

0.069

1.904

0.060

2015

0.096

0.130

0.734

0.465

Mixed sediment

0.002

0.053

0.045

0.964

Soft sediment

0.047

0.077

0.606

0.546

Approximate Significance of Smooth Terms
s(latitude, longitude)

9.807

12.479

1.935

0.0344

s(depth)

1.00

1.00

0.785

0.0751

s(sst)

1.00

1.00

0.785

0.378

2.099

2.414

1.157

0.236

s(btemp)

Table 3.3. Atlantic Halibut Condition GAM Results: Generalized Additive Model
results for evaluating Atlantic halibut condition from 2012-2015. R-sq.(adj) = 0.32,
Deviance explained = 45.8%.
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Figure 3.9. Generalized Additive Model Residual Plots for Atlantic Halibut
Condition: Residual diagnostic plots for the Generalized Additive Model evaluating
Atlantic halibut condition across spatial, temporal, and environmental variables.
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Figure 3.10. Partial Variable Plots for Atlantic Halibut Condition Model:
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3.3.3. White Hake
Between 2012-2015, sizes of white hake caught on longline gear ranged from 20120 cm (Figure 3.11). Smaller white hake were caught more often in 2012, and in 2014
(Figure 3.12). A majority of white hake were between 40-60cm.

Figure 3.11. Size Frequency of White Hake: Size frequencies of white hake caught
at random longline stations between 2012-2015.
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Figure 3.12. Size Frequencies of White Hake by Year: Yearly size frequencies of
white hake caught at random longline stations from 2012-2015.
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Figure 3.13. White Hake Log-Transformed Weight-Length Relationship:
Natural log transformed total length and weight of white hake from the EGOM for years
2012-2015 at random longline stations, with best-fit line superimposed.
The linear model exhibits a fit to the transformed data (R2=0.82), with slight
variability (Table 3.1, Figure 3.11). The equation of the best-fit line is log(W)=9.81+2.55*log(L) on the transformed scale (Table 3.1). We used our b parameter
derived from the log-transformed linear model to perform a hypothesis test for
allometry. The p-value was significant (p<0.05), meaning we reject the null hypothesis
Ho:β=3 (Table 3.1). Therefore, these results indicate white hake caught in the eastern
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Gulf of Maine are exhibiting allometric growth with a b-parameter between 2.49-2.62 at
95% confidence (Table 3.1).
The model fit was determined to be adequate based on residual plots (Figure
3.13). The deviance explained by the model was 30.2%. Sample size was high(n=811).
The year 2013, and the interaction between latitude and longitude both had a significant
effect on white hake condition (Table 3.4).

GAM model with Tweedie Distribution
Covariate

Estimate

SE

t-value

Pr(>|t|)

(Intercept)

-0.0349

0.139

-0.250

0.802

West region

0.067

0.153

0.439

0.661

2013

-0.434

0.118

-3.689

2.4e-4

2014

-0.166

0.144

-1.152

0.249

2015

-0.179

0.341

-0.527

0.599

Mixed sediment

0.116

0.131

0.888

0.375

Soft sediment

0.179

0.128

1.398

0.162

Approximate Significance of Smooth Terms
Edf
s(latitude, longitude)

Ref.df

F

p-value

17.207

20.233

5.124

1.28e-12

s(depth)

1.00

1.00

1.326

0.250

s(sst)

1.00

1.00

0.059

0.808

5.633

6.322

1.987

0.175

s(btemp)

Table 3.4. White Hake Condition GAM Results: Generalized Additive Model
results for evaluating white hake condition from 2012-2015. R-sq.(adj) = 0.138,
Deviance explained = 30.2%, n=811.
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Figure 3.14. Generalized Additive Model Residual Plots for White Hake
Condition: Model residuals for the Generalized Additive Model with Tweedie
distribution for white hake condition.
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Figure 3.15. Partial Variable Plots for White Hake Condition Model: Partial
variable plots depicting white hake condition (Fulton’s K) across significant explanatory
variables: year, and latitude/longitude. Blue lines indicate the expected value, gray
shading indicates the confidence interval for the expected value, and tick marks indicate
the number of observations. Red shading in the latitude/longitude plot indicates higher
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3.4. Discussion
We documented the length-weight relationships and evaluated condition for
Atlantic cod, Atlantic halibut, and white hake. Our results indicate that all species
significantly exhibit allometric growth, but only Atlantic halibut had a b-parameter>3,
indicating it is the only species we evaluated growing in volume as it grows longer (Table
3.1). Variables consistently found to have a significant effect on these species were the
interaction between latitude and longitude, indicating a spatial effect on fish condition.
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Gear type had a significant effect on Atlantic cod condition, with cod caught on jig gear
significantly in better condition. This could be due to the selectivity differences between
passive longline gear, and active jig gear.
Studies of diet composition of Atlantic cod and white hake have shown a
generally consistent feeding pattern including clupeids and crustaceans, that increases
in clupeids before spawning and overwintering (Langton & Bowman, 1980; Smith et al.,
2007). It is reasonable to expect that prey-base availability would have a marked effect
on the growth and condition of Atlantic cod. Previous studies of prey consumption for
Atlantic cod show a heavy preference for Clupidae, with Atlantic herring, (Clupea
harengus), comprising the highest proportion of diet for cod (Langton & Bowman,
1980). Studies indicate that for gadoid fishes such as Atlantic cod or white hake to grow
and reproduce successfully, a lipid-rich prey base such as herring is needed (Brown et
al., 1989; Pardoe et al., 2008; Ames & Lichter, 2013).
The evaluation of condition across spatial, temporal, and environmental variables
indicates that cod condition is significantly higher in the year 2016 (Table 3.2, Figure
3.6). Condition was also significantly higher at jigging stations (Table 3.2, Figure 3.6).
Depth was also found to have a significant effect on condition (Table 3.2, Figure 3.6).
Sea-surface temperature had no significant effect (Table 3.2, Figure 3.6).
Other studies show larger, older cod are found at deeper depths in the GOM
(Bigelow and Schroeder, 1953). Younger, smaller fish found at shallower depths may
have a more crustacean-based diet than older, larger fish tending toward being more
piscivorous (Hanson, 2011). Organisms such as crab or lobster that are consumed by
small cod or hake could lead to poor growth due to limited nutritional benefit from
those benthic organisms ( Mullowney & Rose, 2014; Willis et al., 2017). Willis et al.
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(2017) found that small cod in nearshore areas in the GOM (i.e, estuary mouths) were
less abundant, and contributed low occurrences of river herring found in diets of small
cod to limited recruitment in nearshore areas.
We found condition of cod caught at jig stations to be significantly higher than
those caught using longline gear (Table 3.2, Figure 3.6). The majority of jig stations are
located in nearshore waters, with shallower depths, indicating that cod in better
condition were found inshore between the months of June and October (Figure 3.1).
The difference in condition between jig and longline gear types indicates that the
capturing method used could bias the estimation of condition, and should be considered
when using one gear on a survey to inform important growth and condition parameters
for stock assessment (Ovegård et al., 2012). Because jig gear is an active gear type (it is
actively moved through the water column), Atlantic cod that are in better condition may
have more available energy to attack this gear, rather than simply encountering the
passive longline gear.
White hake exhibited allometric growth, with a growth parameter of b<3 (Table
3.1). This indicates that white hake in eastern Maine are not increasing in volume as
they get longer. White hake have been shown to have some diet overlap with Atlantic
cod, and seem to prefer a lipid-rich prey base such as Atlantic herring (Langton &
Bowman, 1980). The growth parameter indicates that their prey base may be limited to
less-nutritious benthic organisms. The interaction term for latitude and longitude had a
significant effect on white hake condition, indicating a specific spatial effect. (Table 3.4,
Figure 3.14). Most white hake are caught in the deepest survey stations on muddy
substrate, however, so this could be spatially skewing the result. Regardless, an
indication of "hotspots" for white hake in better condition indicate differing spatial
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dynamics within the region. There was no significant effect of depth on condition of
white hake factor (Table 3.4, Figure 3.14). Condition factor decreased with increasing
sea-surface temperature and depth, but not significantly (Table 3.4, Figure 3.14).
Condition of white hake fluctuated between years, and was significantly lower in 2013
(Table 3.4, Figure 3.14).
Atlantic halibut also exhibited allometric growth (b>3), with a growth parameter
range of 3.09-3.34 at 95% confidence (Table 3.1). The significant growth parameter that
is larger than 3 indicates that Atlantic halibut are increasing in volume as they increase
in length Halibut tend to feed primarily on bony fishes at larger sizes, and crab or squid
at smaller sizes in the GOM (Bigelow and Schroeder, 1953). Within the context of this
study, halibut are showing positive allometric growth, indicating suitable external
drivers such as prey availability and oceanographic conditions. Condition for halibut
was significantly higher in 2013, indicating the need to examine temporal variability for
this species across multiple scales.
The partial effect plots illustrate the condition of halibut as significantly higher
than other years in 2013 (Figure 3.9). This indicates that temporal variability in
condition of halibut could be significant. Fluctuation in condition between all years was
present (Figure 3.9). Region was not significant (though it was very close) (Table 3.3).
Additionally, the interaction between latitude and longitude was significant (Table 3.3,
Figure 3.9). This indicates that halibut condition significantly varies along a fine-scale
spatial gradient. The partial effect illustrates shifts in condition along latitude and
longitude (Figure 3.9).
Condition increased with increasing (deeper) depths, but not significantly (Table
3.3, Figure 3.9). Condition increases, then levels off after 12 degrees C, but not
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significantly (Table 3.3, Figure 3.9). There was almost no difference in halibut condition
between sediment types (hard, mix, soft) (Table 3.3, Figure 3.9). More information
including a greater sample size is needed to further analyze variability in condition
factor.
Both environmental or oceanographic factors and prey availability play an
important role in the growth and condition factor of fish (Smith et al., 2007; Mazumder
et al., 2016; Link & Garrison, 2002; Willis et al., 2017). We found that the habitat
characteristics such as sediment type did not significantly affect condition of these
species, however there were significant spatial and temporal effects.
Temperature and nutrient cycling may play an important role on growth and
condition factor for the fish analyzed in this region. Differences in hydrologic structure
between components of the GOM may also play an important role in structuring the
planktonic ecosystem (Townsend et al., 2010), which is an essential food source of fish
species considered "baitfish", or prey to the groundfish species in the region.
Responses to environmental forcing such as hydrographic structures, planktonic
dispersals, and even localized responses to fishing pressure should be evaluated at
multiple scales for the best understanding of what is driving growth and condition for
fishes (Runge et al., 2010). Evaluating the impact of climate changes on dynamics of
fishes at a finer scale could improve understanding of variability within the GOM.
To compare relative condition at multiple scales, examined relative condition for
Atlantic cod derived from the NMFS spring and fall bottom trawl survey (Figure 3.15),
and the EGOM Sentinel Survey (Figure 3.16) . These surveys have some spatial overlap,
but both trawl surveys operate on large spatial scales in the spring and the fall, and do
not account for inshore areas due to logistic difficulties and low sampling density. We
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found temporal differences in relative condition between survey programs, further
emphasizing the need to evaluate fish condition across multiple scales, and differing
gear types (Figure 3.15).

Figure 3.16. Relative Condition Factor for Atlantic Cod in the Gulf of Maine:
Annual trends in relative condition factor of Gulf of Maine Atlantic cod based on length
and weight data collected from the (NEFSC) and Massachusetts Division of Marine
Fisheries (MADMF) bottom trawl surveys (NEFSC, 2017).
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Figure 3.17. Relative Condition Factor for Atlantic Cod in Eastern Maine:
Annual trends in relative condition factor (Kn) of Atlantic cod based on length and
weight data collected from the Sentinel Survey.

3.5. Conclusion
Understanding life history parameters as they relate to spatial, temporal, and
environmental variables is crucial toward understanding fish population viability for the
region, and for comparisons of growth and condition in fish populations. This is
particularly true for areas that have been classified as ecologically distinct from
surrounding regions, as fish populations within can exhibit differing spatial and
temporal dynamics from populations in other regions. We show that there are spatial
and environmental factors that effect on condition of groundfish species in eastern
Maine. Additionally, condition indices can be biased by gear type. Furthermore, we
show that there are temporal differences in relative condition for Atlantic cod between
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the EGOM and the broader surveys encompassing the entirety of the GOM. Differing
hydrographic features between the EGOM compared with the rest of the GOM may
contribute to differences in relative condition. Capturing method may bias estimates of
condition, which can be detrimental in stock assessment. Assessing life-history
parameters and condition at a broad scale may obscure fine-scale effects within a
smaller region, and lead to scenarios of management that do not take these complexities
into consideration. Future studies of Atlantic cod, white hake, and Atlantic halibut in
this region should include stomach content analysis to determine potential dietary
effects on condition, and comparisons with large-scale sampling programs such as
regional trawl surveys.
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Chapter 4
EVALUATION AND OPTIMIZATION OF THE EASTERN GULF OF MAINE
SENTINEL SURVEY

4.1. Introduction
Fisheries-independent monitoring is traditionally conducted using surveys that
are designed to provide a metric of abundance that is assumed to be proportional to the
population of the targeted species (Rago, 2005). The surveys are designed to be as
consistent as possible, and to reduce variability within the sampling area as much as
possible with the goal of removing as much natural bias as possible (Hilborn & Walters,
1992; Rago, 2005). For this reason, a stratified random sampling design is generally
chosen, with the goal of stratifying the survey area in a way that maximizes precision,
and creates a more homogenous sample population in a stratum as opposed to a
random sample from the overall survey area (Hilborn & Walters, 1992; Rago, 2005).
Typically, the variable selected to stratify a fisheries-independent survey area is depth,
because there is an assumed direct relationship between depth and the distribution of
species.
Many modern fisheries-independent surveys are conducted using trawl gear;
however, the EGOM region cannot be accurately sampled with this gear type due to
complex benthic structure and fixed-gear congestion from the Maine lobster fishery.
Using longline gear is an ideal solution to the sampling constraints in the region. With
longline gear, absolute abundance/swept area biomass is not known, but an estimate of
relative abundance can be derived that is assumed to be linearly related to the
population size of a targeted species (Rago, 2005). However, the potential sources of
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survey bias can increase due to increased variability in fishing hook gear. Some of this
variability is largely due to longline gear being classified as a "passive" gear type,
meaning a fish must encounter and react to a baited hook as it lies dormant in the water
(Rago, 2005). Some known examples of this bias include gear-related variables such as
bait-type, bait size, soak time, spacing between hooks, hook size, etc (Sigler, 2000;
Belcher & Jennings, 2009). Other sources of potential survey bias include
environmental factors such as wind speed, sea-surface temperature, bottom
temperature, sediment type, etc (Belcher & Jennings, 2009). Both spatial and
environmental variables can affect the catchability of the gear, thus biasing estimates of
relative abundance (Campbell, 2004).
As mentioned in Chapter 2, fisheries-independent survey programs such as
bottom trawl surveys conducted by the NMFS have sampling stations within the EGOM,
but their spatial and temporal coverage is limited. Because trawl gear use is severely
limited in areas with complex bottom, trawl survey catchability for some species that
reside in complex benthic habitat (e.g., cusk and halibut) tends to be low (Harms et al.,
2010). Additionally, the sampling density within the EGOM is low compared with other
survey programs, such as the ME/NH Inshore Bottom Trawl Survey (Sherman et al.,
2012)
The primary objective of the Sentinel Survey is to provide an annual index of
abundance as well as habitat preference information for groundfish species (including
Atlantic cod, cusk, white hake and Atlantic halibut) in an area that was traditionally
important for the commercial groundfish fishery, but is not currently well covered by
current monitoring programs. The strength of the survey design, and the precision of
the abundance indices derived from the survey is dependent on alleviating as much
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natural variability as possible. Our goal is to evaluate environmental variables' effect on
catch to examine potential sources of bias. Because the Sentinel Survey is stratified by
depth, we hypothesize that depth remains consistently and predominantly significant.
We describe how to evaluate potential sources of environmental bias in a longline survey
in order to maximize the precision of relative abundance indices, and reduce variability
within the sampling design.
Between 2010-2015, we sampled each longline station using 2,000 hooks.
However, in 2016 the survey program was faced with severe financial constraints,
forcing us to re-evaluate our sampling protocol. The financial constraints were coupled
with an increase in fixed-gear congestion from the Maine lobster fishery, with a higher
density of traps both inshore and offshore earlier in the season (Rodrigue, Brown,
Shepard, personal observations). Deploying 2,000 hooks of demersal longline gear
became financially and logistically impossible, but it was crucial to continue deploying
longline gear to maintain our multispecies abundance index time series. Through our
work with fishermen in this region, we found that a shorter length of longline with fewer
hooks was being deployed by lobstermen with permits for Atlantic halibut while they
fished their traps. Therefore, we wanted to explore implications of using a shortened
longline set in the Sentinel Survey sampling design.
We developed methods to analyze the spatial and temporal variability within a
longline set, and evaluated temporal variability in the relative abundance indices by
species and varying hook-numbers. The results of this analysis allowed us to sample
stations in 2017 with a 200-hook longline set, cutting costs of bait and alleviating
entanglements and gear loss.
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4.2. Methods
We used longline data collected from the Sentinel Survey between 2010-2015 to
evaluate potential sources of environmental bias for the relative abundance estimates
derived for Atlantic cod (Gadus morhua), Atlantic Halibut (Hippoglossus
hippoglossus), White Hake (Urophysis tenuis), and Cusk (Brosme brosme). We also
evaluated spatial and temporal variation in the longline gear used on the survey to
optimize the number of hooks deployed at each sampling station, using tub-by-tub
longline data between 2012-2015.

4.2.1. Evaluation of environmental effects on catch
We used GAMs to evaluate the effect of spatial, temporal, and environmental
variables on catch. GAM is an extension of a generalized linear model (GLM) that is
non-linear (Zuur et al., 2011). This type of model is useful because it introduces
smoothing factors, and provides more flexibility toward model fit than a GLM (Tanaka
& Chen, 2016). Additionally, GAMs can provide better interpretability of results than a
GLM.
To alleviate problems from having zero-inflated data, we use a Tweedie
distribution for our GAMs. Tweedie distributions are characterized by a power
parameter p, with p=1 having Poisson distribution, and p=2 having Gamma distribution
(Shono, 2008; Peel et al., 2013). Most fisheries-data distributions fall somewhere
between Poisson and Gamma; in this study we use 1<p<2 so that a Poisson-Gamma
compound distribution is used (Shono, 2008; Peel et al., 2013; Tanaka & Chen, 2016).
We set smoothing parameters at 5 for univariate predictors, and 30 for bivariate
predictors (Tanaka & Chen, 2016).
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All models were built using environmental variables that were selected through
literature review and expert advice, including advice from fishermen working on the
Sentinel Survey. Model fit for each species was evaluated and AIC was used to parse
important environmental variables using a stepwise process, and only removing leastsignificant variables that also resulted in lowered AIC values. Model diagnostic plots
were evaluated to determine model fit and performance.
Sea-surface temperature, bottom-temperature, depth, latitude, and longitude
were all variables chosen for models, based on extensive literature review and input
from fishermen participating on the survey.
All GAMs were built and fit using the mgcv package in R (Version 1.8-1.6, Wood, 2017).

4.2.2. Optimization of longline gear
Between 2012-2015, the longline gear spanned two nautical miles, and consists of
2,000 hooks. This gear is difficult to deploy in areas with high gear congestion, and
expensive to prepare for use (increasing bait costs, hook baiting, etc). The 2000-hook
set had been divided into ten tubs of 200 hooks apiece. Catch-per-tub was recorded so
that each fish caught between 2010-2015 had an associated tub number. This allowed us
to evaluate the relative abundance of groundfish species by 200-hook set, and compare
the trends with the relative abundance indices derived from the 2,000-hook set.
The goal of this analysis was to be able to show that a shorter set can be used to
sample this survey area and still produce the same relative abundance trends for a given
species. We considered effect of a shorter set on the relative abundance trends of
Atlantic cod, Atlantic halibut, cusk, and white hake. First, one tub of 200 hooks was
randomly selected per station per year, and relative abundance was calculated. Average
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catch per randomly selected tub, per station, per strata was calculated, and weighted
with area data, then summed. This was repeated 1000 times to obtain a distribution of
mean catch per year, per species for the shorter longline set. The relative abundance
and 95% confidence intervals were plotted for years 2012-2015. Then, the relative
abundance from all 2,000 hooks per species, per year were plotted with a 95%
confidence interval. The trends were compared.
A shortened set could impact the distribution of catch along the gear, and catch
composition due to gear congestion. Behavioral responses of groundfish due to different
feeding strategies and avoidance of congested gear could influence catch. To evaluate
the spatial variability of catch within the longline set, the average catch by species per
tub of 200 hooks for all random longline stations for the years 2012-2015 was
calculated. We compared average catch and coefficient of variation between tubs at the
beginning, middle, and end of the 2000 hook longline set.

4.3. Survey Evaluation Results
4.3.1. Atlantic cod
Depth was found to positively and significantly affect cod catch, meaning as
depth increased catch of cod increased significantly (Table 4.1, Figure 4.2). No other
variables used in the model showed a significant effect on cod catch (Table 4.1).
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GAM model with Tweedie Distribution
Covariate

Estimate

SE

t-value

Pr(>|t|)

(Intercept)

-2.356e+00

7.262e-01

-3.244

0.002

2013

-9.633e+01

1.507e+07

0.00

0.999

2014

-5.19e-01

6.275e-01

-0.827

0.410

2015

-6.121e-01

1.762

-0.347

0.729

Approximate Significance of Smooth Terms
Edf

Ref.df

F

p-value

s(latitude, longitude)

4.751

6.036

1.407

0.223

s(depth)

4.127

4.678

2.519

0.036

s(sst)

1.00

1.00

2.202

0.141

Table 4.1. Atlantic Cod Catch GAM results: Generalized Additive Model results
showing the effect of environmental variables on Atlantic cod caught on longline gear
from 2012-2015. Adjusted R-squared was 0.663, deviance explained was 70.9%.
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Figure 4.1. Residual Plots for Atlantic Cod Generalized Additive Model:
Residual plots for the generalized additive model evaluating environmental variables
against catch of Atlantic cod on longline gear from 2012-2015.
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Figure 4.2. Partial Variable Plot for Atlantic Cod Model: Partial effect plot with
Atlantic cod catch on longline gear as a response variable, all other variables held
constant. Depth was found to significantly affect Atlantic cod catch. Blue lines indicate
the expected value, gray shading indicates the confidence interval for the expected value,
and the number of observations are indicated by the tick mark.

4.3.2. Atlantic halibut
Depth and the interaction between latitude and longitude were found to have a
significant effect on catch of Atlantic halibut (Table 4.2, Figure 4.4). The positive and
significant relationship between depth and Atlantic halibut catch indicates higher catch
of halibut at increasing depths; the partial residual plot shows that catch of halibut was
highest between depths of 50-150 meters (Figure 4.4). The significant relationship
between halibut catch and the interaction between latitude and longitude indicates a
spatial effect for catch of halibut within the survey area (Figure 4.4).
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GAM model with Tweedie Distribution
Covariate

Estimate

SE

t-value

Pr(>|t|)

(Intercept)

-0.462

0.456

-1.012

0.314

2013

-0.767

0.544

-1.411

0.162

2014

0.158

0.426

0.371

0.712

2015

-0.050

0.688

-0.073

0.942

Approximate Significance of Smooth Terms
Edf

Ref.df

F

p-value

s(latitude, longitude)

8.792

11.967

1.907

0.046

s(depth)

3.121

3.600

3.509

0.011

s(sst)

3.225

3.656

1.430

0.164

s(btemp)

1.021

1.039

0.330

0.567

Table 4.2. Atlantic Halibut Catch GAM Results: Generalized Additive Model
results showing the effect of environmental variables on Atlantic halibut caught on
longline gear from 2012-2015. Adjusted R-squared was 0.529, deviance explained was
60.1%.
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Residual plots for the halibut Generalized Additive Model evaluating environmental
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Figure 4.4. Partial Variable Plots for Atlantic Halibut Model: Partial effect
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the expected value, gray shading indicates the confidence interval for the expected value,
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4.3.3. White hake
White hake catch in 2015 was significantly lower in 2015 than in other years
(Table 4.3, Figure 4.6). Additionally, white hake catch was significantly higher on mixed
sediment types (Figure 4.6). Depth was highly significant, showing an increase of white
hake catch at increasing depths (Figure 4.6). Finally, there was a highly significant
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spatial effect, with the interaction between latitude and longitude having a significant
effect on white hake catch (Figure 4.6).
GAM model with Tweedie Distribution
Covariate

Estimate

SE

t-value

Pr(>|t|)

(Intercept)

1.333

0.562

2.374

0.020

Mixed sediment

1.221

0.539

2.268

0.026

Soft sediment

0.853

0.562

1.519

0.133

2013

-0.411

0.538

-0.763

0.447

2014

0.300

0.402

0.747

0.457

2015

-3.380

1.252

-2.701

0.008

Approximate Significance of Smooth Terms
Edf

Ref.df

F

p-value

s(latitude, longitude)

13.52

17.22

2.903

5.97e-4

s(depth)

1.00

1.00

17.957

5.69e-5

s(btemp)

1.00

1.00

0.916

0.341

Table 4.3. White Hake Catch GAM Results: Generalized Additive Model results
showing the effect of environmental variables on white hake caught on longline gear
from 2012-2015. Adjusted R-squared was 0.405, deviance explained was 73.6%.
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Figure 4.5. Residual Plots for White Hake Generalized Additive Model:
Residual plots for the Generalized Additive Model evaluating environmental variables
against catch of white hake.
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Figure 4.6. Partial Variable Plots for White Hake Model: Partial effect plots
with white hake catch as a response variable, all other variables held constant. White
hake abundance is the response variable, with year, depth, observed sediment class, and
latitude/longitude as explanatory variables. Blue lines indicate the expected value, gray
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shading indicates the confidence interval for the expected value, and tick marks indicate
the number of observations. Red shading indicates higher catch at specific
latitude/longitude.
4.3.4. Cusk
Catch of cusk in 2013 was significantly higher than in other years (Table 4.4,
Figure 4.8). Sea surface temperature showed a significant effect, with more cusk caught
at higher temperatures (Figure 4.8). Additionally, there was a highly significant spatial
effect on catch of cusk indicated by the significant latitude/longitude term (Figure 4.8).
In this case, depth was not significant, though it was close (Table 4.4). Generally, cusk
catch increased between 50-150 meters (Figure 4.8).
GAM model with Tweedie Distribution
Covariate

Estimate

SE

t-value

Pr(>|t|)

(Intercept)

-3.267

0.968

-3.377

0.001

2013

2.867

1.318

2.176

0.032

2014

-0.703

1.304

-0.539

0.591

2015

0.542

1.599

0.339

0.735

Approximate Significance of Smooth Terms
Edf

Ref.df

F

p-value

s(latitude, longitude)

12.109

15.400

1.847

0.047

s(depth)

2.252

2.772

2.282

0.095

1.00

1.00

5.444

0.022

s(sst)

Table 4.4. Cusk Catch GAM Results: Generalized Additive Model results showing
the effect of environmental variables on cusk caught on longline gear from 2012-2015.
Adjusted R-squared was 0.64, deviance explained was 61.6%.
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4.4. Optimization of Longline Gear Results
The relative abundance trends for the sub-sampled tubs of 200 hooks were
similar to the actual relative abundance trends calculated per 2000 hooks, per species
(Figures 4.9-4.12). This indicates that the temporal trends between both the actual, full
2,000 hook set, and the sub-sampled 200 hook set are similar. However, fewer hooks
used per set indicate higher variability for the abundance index estimate; as the hook
number approaches 2,000, less variability was present in the abundance estimates
(Figure 4.9). The optimal number of hooks was indicated in Figure 4.9, showing
decreased variability (approaching the asymptote) at 1,000 hooks. Variability increased
drastically for Atlantic cod and cusk, likely due to the lower sample size for these
species. The average catch per tub for beginning, middle, and ends of each 2,000-hook
set and the coefficient of variation are similar, indicating limited spatial bias per set for a
given species (Figures 4.13-4.14).
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Figure 4.9. Estimated Abundance per Hook Number: Estimated abundance per
number of hooks on a longline set for Atlantic cod, white hake, cusk, and Atlantic
halibut, between 2012-2015.
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Figure 4.10. Relative Abundance of Atlantic Cod per Longline Set-Length:
Relative abundance of Atlantic cod at 200-hook set (left) and 2000-hook set (right) with
95% confidence intervals.

Figure 4.11. Relative Abundance of Atlantic Halibut per Longline SetLength: Relative abundance of Atlantic halibut at 200-hook set (left) and 2000-hook
set (right) with 95% confidence intervals.
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Figure 4.12. Relative Abundance of White Hake Per Longline Set-Length:
Relative abundance of white hake at 200-hook set (left) and 2000-hook set (right) with
95% confidence intervals.

Figure 4.13. Relative Abundance of Cusk per Longline Set-Length: Relative
abundance of cusk at 200-hook set (left) and 2000 hook set (right) with 95% confidence
intervals.
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Figure 4.14. Spatial Variation of Catch by Tub: Mean catch per tub by location for
white hake, Atlantic halibut, cusk, and Atlantic cod.
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Figure 4.15. Spatial Variation of Coefficient of Variation by Tub: Coefficient of
variation (CV) per tub location (Tub 1, middle tub, and last tub) for white hake, Atlantic
halibut, Atlantic cod, and cusk.
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4.5. Discussion
The results of this study show that catch groundfish species in eastern Maine are
influenced by environmental variables at a fine scale. These results indicate that, though
external environmental drivers could be influencing catch of a given species, depth is the
most consistent and influential. Therefore, stratifying the survey design by depth
continues to be justifiable
Depth was consistently the most significant environmental variable affecting
catch, and was highly significant in all cases except for cusk, which could be a factor of
low sample size. While sea-surface temperature was significant for cusk, generally
temperature, including bottom temperature, did not have a high influence on catch
within this study (Table 4.4, Figure 4.8). The interaction term for latitude and longitude
had a strong significant effect in all species except Atlantic cod.
Partial variable effect plots showing the effect of spatial variation within the
survey area indicate a strong spatial gradient for most species, which can provide insight
into the distribution of the species within the survey area. For example, the spatial
interaction term in the model evaluating cusk catch shows two "hot-spots" which could
be indicative of the highly depleted and extremely patchy distribution of cusk in eastern
Maine, and the tendency of this species to aggregate in specific areas (Zhang & Chen,
2015)(Figure 4.8). Atlantic halibut and white hake also showed a strong spatial pattern,
with halibut distributed more along lower latitudes (closer inshore) than white hake
(farther offshore). The influence of depth is highly significant in both cases, and aligns
well with their spatial distribution, with higher catches of white hake found at deeper
depths (Figure 4.6), and highest levels of halibut catch found between depths of 50-150
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meters (Figure 4.4). Continuing to evaluate the spatial distribution of these species will
provide important, fine-scale insights for this region.
The results for the gear analysis indicate a very similar temporal trend between
the 200-hook sub-sampled abundance index, and the 2,000-hook abundance index
(Figures 4.10-4.13). This is more evident in species with more data, such as Atlantic
halibut and white hake. While the trends for Atlantic cod and cusk are similar, variation
in the sub-sampled data is higher. This is probably due to low sample size. Overall, the
similarity in temporal trends of relative abundance between the full 2,000 hook longline
set and the smaller 200 hook longline set indicates that a smaller set could be used;
however, with the decrease in size of the set comes an increase in variation.
Ideally, the set length could be shortened to an extent that alleviated some gear
congestion issues while not increasing variability for species with lower sample sizes.
However, a trade-off was made to support continued sampling in the region as a
multispecies survey program. Fishermen participating on the Sentinel Survey could not
feasibly sample with gear longer than 200-hooks, because the fixed gear congestion
from lobster traps in the region not only had increased in density, but also had begun
spanning more area offshore earlier in the season. Therefore, the Sentinel Team, along
with NEFSC, made the decision to use 200-hook longline sets, to maintain the temporal
resolution of the multispecies dataset. As sampling continues each year, the variability
should decrease.
Analysis of the spatial variability in average catch per a given location on the
longline set show a very similar average catch per each group of tubs per species, with
very similar CV's (Figures 4.14-4.15). This indicates minimal spatial bias based on
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location of catch on the larger longline set. Therefore, shortening the set should not
affect the spatial distribution of catch along the longline. Low temporal variability
between relative abundance trends and low spatial variability of catch within a given
longline set indicate that gear can be modified from 2,000-hook sets to 200-hook sets.
Spacing between hooks and bait type should remain constant. Future analysis should
examine effect of bait-type on the catch of a given species.
Decreasing the length of gear and the number of hooks per set will be a costeffective way to sample the survey area, minimizing bait costs, hook replacement costs,
and time/money spent baiting hooks. Given the increasing density of fixed gear from the
Maine Lobster Fishery, shortening the set will also create fewer entanglements at
sampling stations. However, both environmental and gear-related effects should
continue to be evaluated, especially if the length of the set is changed in the future.

4.6. Conclusion
Evaluating the effect of environmental variables on species within the survey area
is crucial toward understanding bias that could influence the abundance index derived
from the survey data. Re-evaluating the survey design, and identifying potential sources
of catchability bias is essential each year. Though most monitoring programs have
limitations due to external variability, those sources of bias can be evaluated to provide
important data for data-limited regions, and to make decisions about sampling
strategies. We show that depth is consistently the most consistent and significant
variable affecting catch of the key species caught on longline gear in the Sentinel Survey.
Future studies should incorporate the influence of bait type and other potential sources
of variability for hook gear into the models developed here.
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Optimizing the gear used in this survey is crucial toward creating cost-effective
sampling strategies that can provide consistent data for groundfish species in a region
not well-sampled by existing monitoring programs. Decreasing the number of hooks
used in the survey will alleviate costs, without sacrificing the abundance index trends
derived from the survey data, though total catch values will decrease and variability
around relative abundance will most likely increase. Maintaining consistency in the
design and sampling methods will continue to establish a robust time-series for multiple
species that will be useful for evaluating fine-scale dynamics of groundfish in eastern
Maine. The framework established with this work can be useful for other hook-surveys
facing similar challenges.
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Chapter 5
COLLABORATIVE RESEARCH AS A TOOL FOR RECONCILING
COMPLEXITY, SCALE-MISMATCH, AND MISTRUST IN NEW ENGLAND
FISHERIES
5.1. Introduction
A central objective of fisheries management is to maximize harvest while
sustaining the targetable biomass of a fishery for future extraction (Cooper, 2006).
Towards this goal, marine resource managers and policymakers regularly base harvest
strategies on scientific advice derived from fisheries-independent monitoring programs.
These programs are designed to provide information about the state of fisheries
independent of commercial landings data, which can be skewed by fleet dynamics. Yet
the success of this approach has been inconsistent across fisheries and at times failed to
reduce overexploitation and deletion. The purpose of this chapter is to describe the
history, objectives, and collaborative structure of the Sentinel Survey, and discuss how it
is resolving costly scale mismatches and promoting transparency within fisheries
science and management.
One key reason that fisheries-independent monitoring programs have not met
expectations is that they systematically obscure fine-scale ecosystem structure,
including fine-scale fish population dynamics (Myers et al., 1997; Knutsen et al., 2003;
Ames, 2004; Conover et al., 2006; Ames & Lichter, 2013; Zemeckis et al., 2014; Hayden
et al., 2015). While stock substructure is often not accounted for in fisheries
management strategies (Secor, 2013), there is ample evidence that it is ubiquitous and
vital to the function of the ecosystem (Myers et al., 1997; Ames, 2004; Hayden et al.,
2015). The consequence of this scale-mismatch has been described in numerous settings
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and multiple fisheries, including Canadian Northern cod fishery, (Hutchinson, 2008) ,
the Chinese yellow croaker fishery (Ying et al., 2011), and the sea urchin fishery in
Galica (Ouréns et al., 2015).
The management failures that result from these scale mismatches perpetuate a
cycle of mistrust between fisheries scientists, managers, and industry members that is
rooted in differences perspective of scale. Resource users and resource managers often
have very different perceptions about the status of a resource depending on the scale at
which they observe it (Wilson et al., 1999). Fishermen perceive their surrounding
ecosystem at a much finer spatial and temporal scale than what is depicted by broadly
designed fisheries-independent surveys (Brewer & Moon, 2015; Silva & Lopes, 2015;
Turner et al., 2015). In many cases, fishermen, scientists, and managers have differing
training in the ways they perceive the ecosystem around them, and may not be able to
communicate changes in their environment across those boundaries (Wilson, 2003).
Many fishers perceive fine-scale, place-based patterns or changes within the area
they fish, which is increasingly constrained by institutions that limit where and what
they can target (Stoll et al., 2017). In contrast, managers must make decisions based on
aggregate patterns that stem from long-term, and spatially broad monitoring programs.
These programs provide a dense aggregate of information at broad scales, and the
assumption is made that, because enough information agrees across these scales,
decisions will work for multiple components of the system. However, differing spatial
and temporal dynamics exist within and between those components at multiple spatial
scales. When managers make decisions without accounting for scale, scenarios of
ineffective management can occur, perpetuating conflict and mistrust between resource
users, scientists evaluating those resources, and managers making decisions about those
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resources (Finalyson, 1994; Kaplan & McCay, 2004; Appolloino and Dykstra, 2008;
Johnson & McCay, 2012; Ouréns et al., 2015).
5.1.1. Collaborative research
Direct and indirect benefits of collaborative or cooperative research include
acquisition of larger quantities of data at finer spatial resolutions than fisheriesindependent surveys alone; cost-effectiveness from industry-based surveys increased
transparency in the formal assessment process; knowledge sharing between groups
involved; and industry buy-in and engagement into the scientific process (Conway and
Pomeroy, 2006; Johnson & Van Densen, 2007).
Most documented successes of collaborative research programs result from
industry-based surveys, gear workshops, and fishery-dependent data collection. These
programs have focused on alleviating mistrust between managers, scientists, and
industry by increasing transparency in the assessment process (Feeney et al., 2010).
This is a crucial outcome of these programs and is instrumental to successful
management. However, an equally important and often overlooked benefit of
cooperative research is the ability to design programs that can alleviate scale
mismatches that stem from differences in stakeholder perception of the targeted
resource, or complexities within an ecosystem. Regardless of success in facilitating
interactions between stakeholder groups, the documented outputs of cooperative
research in New England still ultimately result in top-down management approaches at
a broad spatial scale. These approaches may perpetuate the inability to account for
complex ecosystem interactions, and leading to continued scale-mismatch between
management strategies and the fisheries they impact. The mechanisms for
incorporating the beneficial outcomes of collaborative research and how they relate to
118

management must be developed. We propose that management strategies developed
through collaborative research programs can be generated by aggregating information
at multiple scales to develop rules for user groups at each scale. Creating collaborative
monitoring platforms can be a cost-effective way of aggregating this information from
diverse stakeholder groups at multiple spatial and temporal scales.
In this chapter, we show that collaborative research is essential to communicate
about the scales at which complexity within an ecosystem is evaluated. Understanding
differing perceptions of the status of a resource based on the scale at which the user
observes it can increase transparency, as well as increase the aggregate knowledge about
local effects in system. We describe how the Sentinel Survey is alleviating costly scale
mismatches and promoting transparency and trust within fisheries science and
management.

5.2. Methods
The research described here draws from the Sentinel Survey. The program has
two major goals: 1. To establish a long-term monitoring program for groundfish species
in eastern Maine by which data derived can be incorporated into management, and 2.
To involve fishers directly in the scientific data collection and evaluation process. To
achieve these objectives, two primary institutions, The University of Maine (UMaine),
and Maine Center for Coastal Fisheries (MCCF), oversee all data collection, analysis,
outreach, and logistics.
The research for the study outlined in this chapter was conducted from 20142017, though the time-series of the Sentinel Survey has spanned from 2010-2017, with
plans to continue in perpetuity. The data collected and used here stem from one-on-one
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conversations with seven vessel captains taking part in the research program. These
conversations took place over 91 total days-at-sea between June-October from 20142017 (Table 5.1). Additionally, information was obtained for this study through more
than 18 extensive meetings, workshops, and planning sessions between UMaine, MCCF,
NMFS, NEFSC, Maine DMR, and the Nature Conservancy (TNC), (Table 5.2). The
meetings, coupled with the numerous interactions-at-sea with individual fishermen,
resulted in a level of understanding about the way each stakeholder group perceived
their role in the research program, as well as each other's roles, that greatly informed
this manuscript

Fishing Vessel

Days-At-Sea

F/V Tricia Clark

56

F/V Lady Grace

6

F/V Lyman's Luck

6

F/V Savannah Jane

7

F/V Dorcas Anne

2

F/V Ocean Venture

3

F/V Fair Wind

10

Table 5.1. Total Days-at-Sea by Vessel: Number of sampling trips between 2014-2017

by vessel, where the primary author was either the 2nd crew-member, or the third crewmember on board for the entire trip, serving as at-sea scientist.
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Institution

Number of
Meetings

Maine Center for Coastal Fisheries
(MCCF)

8

The Nature Conservancy, Maine
Chapter (TNC)

1

Maine Department of Marine
Resources (Maine DMR)

2

Location (s)
Stonington, Maine
Orono, Maine
Rockland, Maine
Augusta, Maine
Boothbay, Maine
Woods Hole,
Massachusetts

Northeast Fisheries Science Center
(NEFSC)

5

Stonington, Maine
Orono, Maine

National Marine Fisheries Service
(NMFS)

2

Washington, D.C.

Table 5.2. Primary Participating Institutions for the Sentinel Survey: Table of
institutions who have formally participated at least once annually in Sentinel Survey
planning, design evaluation, and long-term logistic conversations from 2014-2017.
University of Maine representation/facilitation was present at all meetings.

5.3. Results & Discussion:
The following are illustrative examples and insights gained from experiences with
the Sentinel Survey. We describe how the survey addresses three major challenges
within fisheries management: complexity, scale-mismatch, and mistrust. These three
challenges are interrelated, but here we separate them for clarity.
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5.3.1. Complexity
Many fishers perceive fine-scale, place-based patterns or changes within the area
they fish, but are not necessarily sharing those patterns with federal or state managers.
Information fishers perceive daily while fishing, and the decisions they make based on
ecosystem interactions, can be crucial to understanding the complexity within an
ecosystem at multiple scales. According to Wilson (2003) the "two-culture's theory"
describes how fishermen, scientists, and managers have differing training in the ways
they perceive the ecosystem around them, and may not be able to communicate across
those boundaries. In short, these groups have different training by which they
systematically evaluate the environment, and various methods for adapting to changes
they perceive. The differences in the ways that these user groups evaluate complexity,
and their understanding of the ecosystem, makes it difficult for consensus of how the
resource should be managed (Ostrom, 1999).
The difference in these two groups’ frames of references is evident in the way they
evaluate the status of fisheries. On the one hand, scientists design monitoring programs
around broad spatial areas, randomly sampling the area and taking a weighted average
of the catch. The goal of these monitoring programs is to provide an index of
standardized information that can be compared through time for use in assessment and
management. They do not seek to target as many of the species as possible, to limit
their impact on the fishery. At times, the randomly selected sampling sites do not have
suitable conditions for targeted species. Fishers, on the other hand, target areas with
suitable conditions for the species with the goal of harvesting as many as they are
allowed, to profit. This leads to targeting species in areas where they know they will find
fish based on specific, place-based knowledge of habitat, temporal consistency of fish
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distributional patterns, temperature, etc. This knowledge can be coupled with
technological advances in gear, radar or even vessel horsepower and processing-at-sea
abilities that maximize efficiency while targeting known fish aggregations. While
fishermen perceive changes in the densities of targeted fish through time, they do not
receive the whole picture because they are observing very local, specific effects.
However, scientists who design surveys on broad spatial scales are missing the finescale information that can supplement survey outputs, and instead receive broad, trendbased signals regarding changes in the population. These discrepancies lead to a
common argument between fishermen and scientists: outputs of scientific surveys do
not align with industry's perception of the fishery.
Creating collaborative platforms can be a cost-effective way of aggregating
information at a spatial and temporal scale that is consistent with the perceptions of
resource users in a local area. Programs based on collaborative efforts by diverse
stakeholder groups can be a platform by which to increase the density of information in
a data-limited area, and provide a way for participants and stakeholders in that area to
share information, with the goal of aggregating common knowledge about local effects
and how they appear across an ecosystem. In this way, the systematic evaluation of the
environment can be better aligned between groups with differing backgrounds, and
ways of communicating shifts within an ecosystem. Wilson (1982) writes that the
likelihood of designing successful management strategies or institutions increases when
an information network exists between user groups. The heterogeneous nature of the
groundfish fishery in New England, coupled with the complexity of marine coastal
ecosystems, leads to a loss of shared information due to a reduced chance of forming
groups by which a shared understanding of the targeted resources occurs. Designing a
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collaborative platform by which a shared understanding of the resource is developed, as
well as information exchange within and between groups targeting that resource, can be
beneficial toward developing place-based, agreed-upon rules.
The collaborative framework for the Sentinel Survey program allows for local
monitoring with both fisheries-independent and fisheries-dependent station types.
Within this design, both traditional scientific monitoring and commercial-style fishing
are represented. Fishermen and scientists collect data together, and both groups get a
clear picture each year about where fish are spatially and temporally distributed. Both
groups can compare between station types, and abundance indices reflect what each
group perceives on the water each season. Most importantly, participants can
communicate about their observations, with each other either onboard a fishing vessel,
or at group meetings where information about each sampling season is documented.
Fishers working on this survey program have expressed their preference for local
monitoring, claiming that large-scale monitoring programs weren't useful for them, and
that if they wanted an actual idea about what was going on in their fishing areas they
would prefer local monitoring programs (Brown, Thomson, personal communication).
Outputs from Sentinel Survey data analysis reflect differing spatial and temporal
trends for groundfish species both within the survey area, and when compared to
broader monitoring programs, reflecting a need to evaluate abundance and distribution
at multiple scales. Relative abundance of Atlantic cod for both jig and longline stations
derived from Sentinel Survey data showed different temporal trends with both the state
and federal monitoring programs used for evaluating groundfish stocks (Figure 5.1). An
example of variability among temporal trends of survey indices derived from surveys
conducted at multiple spatial scales, are the z-scores calculated from relative abundance
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index values from the Spring/Fall Maine/New Hampshire Inshore Trawl Survey
conducted by the DMR, the Spring/Fall Annual Bottom Trawl Survey conducted by
NMFS, and the Sentinel Survey Longline and Inshore Jig index. These surveys are
conducted at different spatial scales, with some spatial overlap. The NMFS survey
occurs at the broadest scale, with limited sampling inshore. The Maine/New Hampshire
survey is a coastal survey, with some offshore overlap with the federal survey. The
EGOM Sentinel Survey is nested within the state and federal surveys, and has spatial
overlap with both in eastern Maine. By calculating z-scores for each of these survey
indices, we were able to directly compare abundance indices from different survey
programs to evaluate temporal differences in trend. Z-score derivation allowed us to
convert the abundance indices to a common scale. The scale is defined to have an
average of zero, with deviations from zero indicating values greater or less than the
average values for that survey abundance index.

125
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Multiple Survey Indices
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Figure 5.1. Z-Score Comparison Between Surveys: Z-score values calculated
from relative abundance index trends for Atlantic cod between 2012-2016 from the
Maine/New Hampshire Inshore Bottom Trawl Survey (DMR Spring/Fall), the NMFS
Annual Bottom Trawl Survey (NMFS Spring/NMFS Fall), and the EGOM Sentinel
Survey/Fishery Longline and Jig (Sentinel LL, Sentinel Inshore Jig).
Another example of using a collaborative platform to evaluate complexities
within an ecosystem can be represented by a second case study within the Eastern Gulf
of Maine framework. Fishermen participating in this monitoring program commented
that the fish that were caught in the area looked to be in poor condition. They observed
that the fish looked uncharacteristically skinny and unhealthy (Brown, Thomson,
personal communication). Other fishermen wondered about the effect changing water
temperatures had on the growth and health of the fish that were caught during the
survey sampling season. (Miller, personal communication). Fishermen also commented
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on the differences in handgear and trawls, and how fish caught by hand tended to be of
higher quality (Brown, Miller, Thomson, personal communication).
Through these conversations, we were able to develop research questions
involving the evaluation of life history parameters across spatial, temporal, and
environmental variables. Fishermen interested in discussing this research question
contributed information about variables they felt were important to the condition of
Atlantic cod, Atlantic halibut, and white hake, such as temperature, location, and depth.
The Sentinel team was able to evaluate life history parameters for groundfish species
and compare against what larger-scale, regional studies derived from broad monitoring
programs. The results of the study indicated that fish condition is influenced by
environmental, spatial, and temporal variables, showing strong spatial variation even
within the eastern Maine region (Figure 5.3, Figure 5.4).
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Figure 5.2 Partial Variable Plots for Atlantic Cod Condition Model: Partial
variable plots depicting variables with a significant effect on Atlantic cod condition:
sea-surface temperature (in degrees C), depth (m), year, and station type, with all other
variables held constant. Blue bars indicate condition (Fulton’s K) for Atlantic cod per
year, with confidence intervals shown by gray shading. Partial residuals are indicated by
the gray dots.
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Figure 5.3. Annual Trends in Relative Condition Factor of Gulf of Maine
Atlantic Cod: Annual trends in relative condition factor of Gulf of Maine Atlantic cod
based on length and weight data collected from the Northeast Fisheries Science Center
(NEFSC) and Massachusetts Division of Marine Fisheries (MADMF) bottom trawl
surveys (Gulf of Maine Cod Supplemental Information, 2017).
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Figure 5.4. Annual Trends in Relative Condition Factor for EGOM Atlantic
Cod: Annual trends in relative condition factor (Kn) of Atlantic cod based on length and
weight data collected from the Eastern Gulf of Maine Sentinel Survey monitoring
program. Blue bars indicate condition (Fulton’s K) for Atlantic cod per year, with
confidence intervals shown by gray shading. Partial residuals are indicated by the gray
dots.
We found that Atlantic cod captured within our survey area using jig gear as
opposed to longline gear were in significantly better condition (Figure 5.2). To compare
condition of Atlantic cod between survey programs that use different gear types, and are
conducted at different spatial scales, we used a metric of condition called relative
condition factor (Kn), which allows for standardized comparisons of condition for a
species across multiple regions or populations. When relative condition of Atlantic cod
caught within our sampling season were compared with relative condition of Atlantic
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cod for the entire Gulf of Maine, temporal trends differed (Figure 5.3, Figure 5.4). By
communicating about perceived local fluctuations in fish condition, and working
together to design a research approach that encapsulated the questions of both
fishermen and scientists alike, we were able to evaluate a facet of ecosystem complexity
at a relevant scale to the industry participants.
Local perceptions of fishermen leading to aggregated information about what
they perceive on the water in real time, coupled with the traditional scientific approach
of collecting data and analyzing results can lead to a shared understanding of the
ecosystem at a scale relevant to those operating within a fishery at that scale. The
collaborative approach can bring those voices together and provide a platform for the
aggregation of shared knowledge. Aggregating knowledge about the complex
interactions within an ecosystem is a step toward developing effective management
strategies across multiple scales. Comparing a locally generated "baseline" with changes
in the ecosystem perceived and communicated by participants or resource users helps
facilitate general projections about the state of the sampling region (McClanahan et al.,
2009).
The complexities within an ecosystem may never fully be recognized, especially
given fluctuating external drivers. However, compiling information generated at
multiple scales, by diverse groups who can generally agree upon what they perceive, can
be helpful in identifying problems and adaptive solutions.
5.3.2. Scale
Spatial and temporal trends differ between survey results from monitoring
programs depending on the spatial scale at which they are conducted (Figure 5.1).
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Scientists and managers at different scales collect and evaluate data at a specific scale,
and therefore make decisions based on that scale (and select for vessels that can feasibly
operate at such scales). According to Hoefnagel et al. (2006), the information scientists
or managers derive or make decisions from generates a perspective of the ecosystem
that can translate to the current management framework the most efficiently. Therefore,
information is generated at broad scales because of broad management institutions, and
the knowledge that best fits into that cycle is retained and considered salient for
management. Scale mismatch scenarios can lead to management failures, especially
when perceptions of the status of a resource differ between user groups (Wilson et
al.,1999; Ouréns et al., 2015).
Facilitating stakeholder communication about what their perception of the status
of the resource, evidence supporting this perception, and what outputs come directly
from their catch data is a crucial part of the Sentinel Survey. The design of the survey
alleviates scale mismatch by fishermen and scientists both directly observing changes in
fish dynamics as they occur on the water. However, there is no current mechanism to
make the leap to incorporate data collected at this scale into assessment. Part of the
reason for this is that managers find information salient at intentionally broad scales,
because that is where the most densely aggregated source of information comes from
(i.e, regional surveys). For management to create strategies designed around finer
spatial scales, information must be aggregated and generated at that scale. Collaborative
programs such as the Sentinel Survey create platforms where information is generated
and agreed upon by participants within the group. This leads to a cost-effective way of
increasing information at a finer-spatial and temporal scale. The collection of this data
by and with fishermen from eastern Maine provides real-time spatial and temporal
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context for fluctuations in groundfish dynamics. Fishermen observe the status of the
resource at a scale that aligns with their own perceptions, and get a sense of where fish
are as well as where they are not, and associate other variables such as temperature,
sediment, and depth to catch at fine scales; just as if they were participating in a
targeted fishery in this region.
Incorporating spatially discrete data into assessment, with surveys using multiple
gear types and at multiple scales is a step toward creating need-based assessments that
encapsulate dynamics for a data-limited species. We describe the current conflict for
fishers participating in the Atlantic halibut fishery, including current management and
issues with management outcomes. We then describe how managers took steps to
incorporate halibut data generated by the Sentinel Survey, a collaborative monitoring
program conducted at a local scale. This marked a crucial step toward understanding
complex spatial and temporal dynamics for groundfish species. Using data generated
across multiple scales, and by multiple monitoring programs, we can paint a more
holistic picture of the ecosystem, and lead to better-informed management strategies.
The Atlantic halibut fishery is a formerly iconic groundfish fishery in the Gulf of
Maine, once so abundant that fishermen complained of them impeding their catch of
Atlantic cod (Beaty & Chen, 2017). The low-value New England fishery had seemingly
high levels of halibut until the 1950s, when a sudden increase in the taste for halibut led
to a crash of the fishery after a decade of intense fishing pressure (Beaty & Chen, 2017).
Today, the stock is classified as overfished, and is listed as a "Species of Concern" by the
NMFS (NEFSC, 2015). Currently, Maine is the only New England state for which there
is a targeted halibut fishery. Recreational and commercial fishermen are allowed up to
25 fish per season, with various restriction on landed fish per day, depending on the
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distinct permits (Maine DMR, 2017). For example, lobster fishermen fishing within
state waters may catch one halibut per trip provided they tag it for the Maine DMR;
federal fishermen fishing for groundfish outside of state waters may land one halibut per
trip as bycatch, up to the regional limit (Maine Department of Marine Resources, 2017).
Halibut landings, and the value of those landings, have grown dramatically since
2010 for the State of Maine (Figure 5.5). Lobster fishermen have grown increasingly
interested in halibut fishing, experiencing a high price-per-pound in many areas along
the coast of Maine. A growing number of fishermen participate in the recreational and
federal fisheries, and landings have increased based on the latest assessment update
(Figure5.6).

Figure 5.5. Atlantic Halibut Landings for the State of Maine: State of Maine
Atlantic halibut landings in pounds (gray bars), and by value in millions of dollars (black
line) up to 2016.
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Figure 5.6. Total Catch of Atlantic Halibut in the Federal Fishery: Total catch
of Atlantic halibut in the federal fishery between 1963 and 2014 by disposition
(commercial landings, commercial discards, and CA landings).
As landings increased, federal and state regulators in the New England/Maine
region grew concerned that commercial and recreational fishermen were catching too
many Atlantic halibut, and would trigger accountability measures caused by overfishing
their Accepted Biological Catch (ABC). ABC is calculated by incorporating data from the
federal trawl surveys into models estimating targetable biomass (SSBMSY), biomass
(SSB), and fishing mortality (FMSY). In an update to the 2012 assessment, the Northeast
Fisheries Science Center working group attempting to update the benchmark
assessment for this species determined that "Population projections for Atlantic halibut
are uncertain because biomass cannot be reasonably determined using the current
assessment model" (NEFSC, 2015). Essentially, because the model was tuned to the
federal trawl survey index, and because the survey has low catchability for Atlantic
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halibut, estimates normally used to determine the Total Allowable Catch were unclear.
Both federal and state monitoring programs catch very low numbers of halibut each
year, or sometimes none (Beatty and Chen, 2015). Noted sources of uncertainty with the
Atlantic Halibut assessment model were that "the model is tuned to the survey index,
which is inefficient for Atlantic halibut, catches very few animals, and is therefore noisy"
(NEFSC, 2015). The data limitation was so severe that there was no accepted assessment
for Atlantic halibut (NEFSC, 2015).
Atlantic halibut is highly migratory, with the Gulf of Maine as its southern-most
extent, but expanding its range up to the Scotian Shelf and the Grand Banks, in
Canadian waters. This further complicates evaluation of the stock status, as relatively
little is known about halibut as it inhabits the Gulf of Maine, but the species is
considered to be relatively stable, with a 35% increase in targetable biomass based on
Canadian stock assessments and extensive targeted halibut monitoring programs'
survey indices (DFO, 2017).
State and federal officials were concerned about the high landings by participants
in the commercial and recreational fleets, and the lack of data made it unclear whether
the federal fishery or the State of Maine fishery was responsible. Triggering
accountability measures would most likely result in prevention of federal fishermen
from landing halibut as bycatch in the federal fishery. Halibut would therefore become a
"choke species" meaning that once a certain amount of halibut were caught, even as
fishermen targeted other species, they had to stop fishing altogether. The accountability
measures would also most likely result in area closures and further gear restrictions for
federal fishermen.
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Additionally, Maine fishermen were reported as "disagreeing with the current
Atlantic halibut regional catch limit, how it is allocated between fishermen working in
state and federal waters, and how existing management regulations are
enforced"(Burns, 2017). Federal fishermen, state fishermen, and managers and
scientists at both levels disagreed about the current status of halibut, and management
protocols based off available assessment data (Maine Lobsterman's Community
Alliance, 2017). However, because the fishery was considered so data-poor, there was no
unbiased fisheries-independent estimate of the relative abundance of halibut.
The NEFSC, in an effort to alleviate the controversy, reached out to multiple
groups conducting monitoring. According to an article on phys.org, a spokeswoman for
the NEFMC stated that " [We] identified this is an issue, and this will be a priority for
2017" (Whittle, 2016). One of the sources of data included the halibut information
derived from eight years of monitoring in both state and federal waters in eastern Maine
by the Sentinel Survey group. A major objective identified as part of this management
re-evaluation was to incorporate spatially discreet data from around the region into an
assessment that would compare and contrast abundance trends, and to gather biological
information from the species. In eastern Maine, the number of halibut caught as part of
the Sentinel Survey was higher than the regional and state surveys (n=492), which was
necessary for scientists attempting to assess the stock. The large sample size was due to
sampling using longline gear, which, unlike trawl gear used for federal and state
surveys, is specifically adapted for Atlantic halibut.
While this study is ongoing, the incorporation of data for this fishery from a
collaborative monitoring program was a key step toward evaluating and managing a
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fishery at a scale relevant to its user group. The data collected as part of the Sentinel
Survey fills a data gap, but more importantly, has been reviewed by fishermen in eastern
Maine who participate in this fishery, participate in the Sentinel Survey, and corroborate
these results with their own perceptions of the status of the population they perceive in
eastern Maine. The framework described contributes toward a robust, integrated
approach to evaluating fisheries, and meets the needs of fishermen, scientists, and
mangers. Incorporating data collected at multiple spatial and temporal scales that aligns
perceptions of the fishery is crucial toward forming appropriately scaled management
strategies.
5.3.3. Mistrust
There is a long history of mistrust between scientists, managers and fishermen in
New England fisheries. (Kaplan and McKay, 2004; Appolonio and Dykstra, 2008).
Heavy economic pressures, coupled with complex and frequent changes to regulatory
measures, and a general lack of trust or "buy-in" of scientific outputs from monitoring
programs all have perpetuated a cycle of conflict. This conflict has been described as
systemic, and includes disagreement even about the root origin of the groundfish
collapse in New England (Hennessey & Healey, 2010). Regulators and managers fault
uncertain science recommending unacceptable fishing pressure; scientists fault
managers for disregarding their advice when industry pressure overwhelms them; and
fishers blame a regulatory institution mired in bureaucracy (Hennessey & Healey,
2010). This cycle of mistrust in turn perpetuates non-compliance within the groundfish
fishery, leading to scenarios of stock overexploitation (King & Sutinen, 2010).
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Through collaborative research, certain processes within fisheries assessment
and management have become more transparent, and innovation has been encouraged.
Documented benefits from collaborative research programs include acquisition of larger
quantities of data at finer spatial resolutions than fisheries-independent surveys alone;
cost-effectiveness from industry-based surveys; increased transparency in the formal
assessment process; knowledge sharing between groups involved; and industry buy-in
and engagement into the scientific process (Conway and Pomeroy, 2006; Johnson and
Van Densen, 2007). The interactions between scientists, managers, and fishers prove to
be valuable knowledge-sharing experiences; however, mechanisms for incorporating
collaborative research directly into management under the institutional framework are
still being developed. This may be due to focusing collaborative programs on logisticbased issues, such as gear selectivity and modification. These programs are important,
and often address a key facet of mistrust: generation of scientific advice through broad
monitoring programs as the basis for allocation of fishing effort. Both managers and
fishers have expressed doubt over the generation of scientific advice from these
programs, largely due to acknowledgement by scientists of incomplete or insufficient
data, or discovery of imperfect collection methods (Hennesey and Healey, 2000; Kaplan
and McKay, 2004; Johnson and McCay, 2012). For example, Johnson and McCay
(2012) documented a collaboration between industry and scientists who wanted to redesign a malfunctioning trawl system for the routine monitoring surveys annually
conducted at the federal scale. However, the program ultimately dissolved, because so
many industry members left after sensing their expertise was not appreciated.
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Fisheries-independent monitoring is traditionally conducted using surveys that
are designed to provide a metric of abundance that is assumed to be directly
proportional with the population of the targeted species (Rago, 2005). The surveys are
designed to be as consistent as possible, and to reduce variability within the sampling
area as much as possible with the goal of removing as much natural bias as possible
(Hilborn & Walters, 1992; Rago, 2005). Normally, innovation is not encouraged for
monitoring programs because the key objective is consistency and standardization.
Changes cannot be made to a fisheries-independent monitoring program, because they
will influence catchability and bias the results of the survey. This can be very
discouraging for fishermen, who may feel that their suggestions about changes to
monitoring are being dismissed. Lack of transparency regarding survey design, survey
goals, and data analysis (or use) perpetuate a “black box” of fisheries science and
assessment (Wilson, 20o9).
We describe how the Sentinel Survey addresses issues of transparency,
encourages innovation for participants, and ultimately results in increased trust in each
participant or participant group's local perceptions.
In 2010, a group of stakeholders in eastern Maine convened to address both the
fisheries-independent, and fisheries-dependent data deficiencies in eastern Maine. This
group included MCCF (formerly Penobscot East Resource Center), a non-profit
organization located in Stonington, the University of Maine, The Nature Conservancy,
and several former/current groundfish fishermen in the region (Figure 5.7). Recognizing
sampling limitations within the region from broadly designed monitoring programs,
these groups collaborated to develop a set of hook-fishing methods to document
abundance and distribution of groundfish species in eastern Maine. The decision to
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sample with longline gear was based around fishermen's knowledge of the complex
benthic structure in eastern Maine. This was corroborated with scientific studies
conducted in other areas, documenting lower catchability of certain groundfish species
in trawl gear (Harms et al., 2010). Between 2010 and 2011, fishermen participating in
the Sentinel Survey deployed longline gear anywhere they chose within the survey area,
using their knowledge of the region and historical landings information to specifically
target Atlantic cod. The data collected during these two sampling seasons, referred to as
"Pilot Years", was used to inform the fisheries-independent monitoring design.
Members of the NEFSC Population Dynamics Branch at the NEFSC helped the Sentinel
Survey team evaluate the fisher-collected data, and inform the current monitoring
design. NEFSC also contributed input regarding the jigging-component of the Sentinel
Survey.
Established in 2012, the fisheries-independent component of the Sentinel Survey
design provides annual indices of relative abundance for groundfish species caught
within the sampling season, which can be useful in traditional stock assessment
methods. As mentioned in previous sections, these abundance indices align with local
perceptions of groundfish abundance and distribution. The Sentinel Survey has another
component, however, that is modeled after the Pilot Seasons: fishermen's choice
stations. Though fishermen participating must use the same sampling methodology as
the fisheries-independent stations (gear, soak time, etc), they are asked to fish anywhere
within the survey area specifically targeting cod. In short, fishermen are asked to
incorporate their local ecological knowledge into a scientific sampling design, with the
outcome of creating local information about abundance, distribution, and habitat
preferences for groundfish species captured at these stations. The fishermen's choice
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component not only captures commercial landings-style information; it also enables
fishermen to take an innovative approach to fishing within the survey area based on
their own local ecological knowledge, and trends or information derived from previous
sampling seasons. Data collected from these stations was used to derive a standardized
catch-per-unit-effort, which is assumed to be proportional to the population abundance,
and traditionally used as an index for commercial landings data.
As with sampling stations in the fisheries-independent component of the survey,
a scientist or trained observer is onboard for every trip, documenting catch,
environmental or oceanographic conditions, and recording the rationale of the vessel
captain for selecting the particular sampling location. The scientist is responsible for
collecting data while onboard, and for overseeing analysis for the survey design, as well
as communicating trends and observations to other stakeholder groups involved in the
program (Figure 5.7). Because the scientist works directly with fishermen onboard, and
is the direct line of contact for fishermen asking questions of the sampling methods and
data analysis, communication and knowledge sharing about local ecological perceptions
increases.
The ability to share these perceptions and experiences, as well as discuss
limitations or strengths of a systematic sampling program and directly compare between
fisheries-independent and fisheries-dependent design components \ increases
transparency between participants. The outcome is shared understanding of each
group's goals, trust in the outputs of survey data analysis, and trust between
stakeholders participating in the Sentinel Survey.
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Figure 5.7. Interactions Between Sentinel Survey Participants: Interactions
between collaborators for the Sentinel Survey research program. The size of bubble
indicates level of interaction, based on number of trips with fishermen and number of
meetings with stakeholder groups. The shading of the bubble indicates type of
institution (green=non-profit, blue=federal or state office, purple=university, yellow=
research institution, no shading=fishing vessel). The type and color of arrow indicate
interaction type: the two-directional black arrow indicates information sharing (data,
real-time observations, etc); the red arrow indicates funding. Overlap between bubbles
indicate role of graduate student as point-person for all interactions flowing to that
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region. Asterisks indicate those organizations or vessels not presently involved but who
played a collaborative role in the past.

5.4. Conclusion
Given the complexity and heterogeneity of the New England groundfish fishery,
and the oceanographic and ecological complexity of the Gulf of Maine, it is important
that management approaches for the groundfish fishery are developed and integrated at
multiple scales. In this paper, we provide an example of how a collaborative research
program can reconcile complexity and scale-mismatch, and ultimately increase
transparency and trust between diverse stakeholder groups.
To address increasing uncertainty in a rapidly changing ocean, fisheries
management approaches should be adaptive and diverse. For integrated management
strategies to occur, complexity within an ecosystem must be evaluated at multiple
scales. Collaborative research such as that described in this paper, provide a mechanism
through which knowledge about a resource can be aggregated, and perceptions about a
targeted fishery can be aligned and communicated at different scales. Overall, the
participation of fishermen, scientists, and other involved stakeholder groups in the
Sentinel Survey is leading to a collective understanding of some fine-scale groundfish
dynamics within the eastern Maine region, and increased awareness for the complexity
of these fisheries in the region. Perceptions were more likely to align between groups
observing the fishery at the same scale, and between groups who communicated
regularly. Scientists and fishers built trust between each other and in this monitoring
process by encouraging communication and transparency, and by increasing innovation
opportunities within a standardized monitoring program.
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Though many collaborative programs open the door for increased transparency
and trust, we found that many federal managers and scientists did not value the fishercollected data (fishermen's choice stations) as a contribution to traditional assessment
methods, even though the sampling methods and analysis were standardized.
Additionally, when these data and observations were conveyed to groups assessing and
managing groundfish at broader scales, there was limited acceptance in the legitimacy of
the results, though deemed scientifically rigorous and valid. An exception to this is when
a clear gap in scientific information was identified, and brought to the forefront of
difficult management decisions.
The limited investment in the outputs of an eight-year monitoring program
conducted at this scale, and with hook gear, could be due to an institutionalized method
of management and scientific monitoring, that selects for the size and scale of vessel and
region for which they operate. Additionally, scientists at the federal scale may find
information directly useful if it is more amenable to the management institution they
operate within (Jacobsen et al., 2012).
Mechanisms must be developed to incorporate managers into collaborative
programs too, so that transparent decisions can be made about fisheries resources. As
mentioned with the Atlantic halibut example, new methods of including information
aggregated at different spatial and temporal scales are becoming useful for
supplementing traditional assessment methods. Using data from an industry-backed
monitoring program could be an essential step toward providing information to
managers that is agreed upon by scientists and fishers alike. Adaptive management
strategies can work when open communication is built into a monitoring system, and
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allows for participants to vocalize differences in their perceptions of the surrounding
ecosystem.
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